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1. INTRODUCTION AND DESCRIPTION OF TECHNIQUES

- < -

i.i. The Scope oi the Investigaton.

This Report records the main results of a five-year research
program. The twin aims of the program were, on the one hand, to
advance understanding in the fundamental physics of the diffraction of
X-rays by perfect and nearly perfect crystals and, on the other hand, to
apply the X-ray topographic technique to a wide variety of problems
involving lattice imperfections in crystals. Efforts were made to
maintain a bzlanced, paraliel development oi both the more theoretical
and the more practical aspects of the work. Indeed, in some parts of the
research, such as those performed on silicon, germanium and indium
antimonide, ithe study of diffraction phenomena and the analysis of
dislocation configurations were pursued simultaneously in the ratural
course of evolution of the investigation. Whereas it was demonstrated
that in many problems X-ray topographky may be applied in a guite
straightforward manner as a tool for revealing dislocations and other
lattice defects, requiring only a minimal reference to the underlying
diffraction theory, it was also abundantly shown that a thorough
understanding of diZfraction theory is necessary if correct interpretations
are to be made in tke more refined studies, and if X-ray experiments a2re
to be designed to give the maximum information vield. These practical
considerations alone would justify a substantial theoretical effort, quite
apart from the intrinsic interest of some of the diffraction problems

encountered.

Until about eight years ago, it was accepted that the diffraction of
X-rays by perfect crysials was adequately described by the theories of
Darwin, Ewald and von Laue. (For a readable, introductory account of
these theories see James (1948)). They had been tested only in 2 limited
way, firstly by observing thai some of the most perfect crystals did give
integrated reflections of the low value predicted by theory, and secondly
by studying rocking curves obtained with the double-crystai spectrometer
and finding that some crystals could exhibit nearly total refiection in a

very narrow angilar range in the way predicted for the 'periect' crystal.




(These experiments are reviewed in James (1948) aad Compton and
Allison (1960)). With the advent of new techniques of high-resolution

X -ray topography, and of transmission X-ray topography in particular,
new kinds of diffraction experiment were performed which soon reveaied
phenomena not predicted by the early theories. These phenomena have
demanded for their understanding a fresh examination of some of the
basic optical assumptions involved in the accepted thecries. The
required recasting of the 'plane-wave' theories of Ewald and von Laue in
the form necessary te take account of the ‘coherent spherical wave’
illumination of the crystal that applies in most X-ray topographic
experiments, and the analysis of rany of the effecis stemming from this
difference in illtmination conditions, have been the specizl contribution
of Professor N. Kato in this field. His papers provide the best avaiiabie
background treatments to the theory of X-ray topography. One result of
Kato's work has been the demonstration of essential differences betwsen
the diffraction conditicns of X-ray tonographky and of thin-film: transmission
eiectron microscopy. This and other topics in diffraction theory are

discussed in a useful review {Kato, 1963 a).

Since X-ray topographic studies of dislocations form a centra
theme in the research here described, somse bdrief remarks on the relation
between the X-ray method and other methods of rendering individual
dislocations visible may be useful. (Several comprekensive reviews of
methods of observing individual dislocations are ncw available, for example,

Johnston (1961), Newkirk and Wernick (1962}, Amelinckx (1964).}

Dislocations may be made visible optically by 'decoration’ techniques
in which minute precipitates are formed along the Gislocation lines. The
precipitates are seen because of their opacity to the radiation used, or by
their light-scattering if they are of sub-microscopic size. The method is
restricted to materials which are normally transparent to light or at least
to radiations in the near infra-red and ultra-violet with which microscope
images can be formed. Precipitation cn the dislocations cbviously changes
the state of the crystal lattice profoundly, the process is generally

irreversible, and so no sequences of experiments can be made on the same
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specimen in order to slow, for example, the multiplication ard movement

of dislocations.

The etch-pit method is of wider application, since it can be used

on both transparent and opajue substances; but for each substance a
specific dislocation-eich must be developed. Uncertainty can coften arise
concerning how truly there is a one-to-one correspondence teiveen
etch-pits and dislocation outcrops. Indeed, diffraction methods for
observing dislocations may have to be called in to resolve this doubt.
The major limitation of the etch-pit method is its restriction to the study
of surfaces. The distribution of dislocations within the velume of the
specimen can be found by a series of polishing and etching experiments,

but this process of course destroys the specimen.

The difiractior methods (electron and X-ray) are much more
general in application. The visibility of dislocations arises because the
strain field of the dislocation inr the crystal lattice causes a significant
change in the diffraction behavicur of the crystal regions close to the
dislocation compared with regions remote from it. Under properiy chosen
experimental conditions this'diffraction contrast' may be made strong, so
that a clear image of the dislocation line (strictly, of a certain volume
surrounding the line) can be recorded pkotographically. This contrast
dces not depend directly upon the chemical nature of the specimen material.
It does depend in its detailed manifestations upon the scattering and
absorbing powers of the specimen and its thickness, in both the X-ray and
electron cases, but these variaticns are now fairly well understood.

Hence the same diffraction theory and interpretative technique may be
applied to all crystals. This fortunate circumstance facilitates the speedy
application of the diifraction methods to new problems and materials, and

to the comparison of dislocation behaviour in different materials.

The electron microscope method of observing dislocations enjoys
the great magnifying power of that instrument. The images of dislocations
are typically about 100 Angstroms in width. The X-ray topograph, on the
other hand, is an unmagnified image of the specimen and must be
photomicrographically enlarged, a procedure that is time ~consuming and

requiring of considerable care in order to get the best resulis. Moreover,
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several factors conspire together to impese a practical resolution limit
of about one micron in X-ray topographic work. It follaws that X-ray
topography cannot compete at ail with electron microscopy where
resoluiion is concerned. Its most fruitful fields of application therefore
lie especially with crystals of low dislocation density, belew 106 io !07

lines per cmz.

Now one of the discoveries emerging from transmission X-ray
topography has been the number and variety of crystal species containing
specimens with dislocation densities sufficiently low for X-ray
topographic observations to be made of individuaily resolved dislocations
within them. Low densitics have been found not oniy in specimens of
natural diamend, calcite and quartz, the three species which were
reputed as being capable of behaving as perfect crystals, but also ir such
laboratory-grown materials as metai single crystals. That pure semi-
conductor crystals should behave as highly perfect crystals, and upon
occasion possess vanishingly low dislocation densities, was a not
unexpected finding since information on their dislocation densities was
avaiiable from reliable dislocation etching techniques. It was indeed at
the stage of development of semi-conductor crystal-growing when
dislocation densities down to about 104 lines per cm2 had been reported
that the author turned to examine these materials with his topographic
techniques. The aim was to see what point-by-point variations in X-ray
reflecting power were produced by local fluctuations in dislocation
density when the mean density was as low as 104 lines per cmz. The
result was the discovery that images of individual dislocations could be

recorded (Lang, 1958).

Good X-ray topographs of crystals are only obtained when the
crystals are carefully handled so that deformation of a major part of the
specimen, elasiic or plastic, is avoided. The sensitivity with which
local damage on crystal surfaces is revealed by X-ray diffraction
contrast has formed the basis of X-ray topographic studies of the processes
of abrasion, and on the deformation of the substrate by surface deposits.

Investigations of abraded surfaces and of fracture surfaces have been

—~
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pursued in some detail. The study of strains produced by deliberately
applied surface deposits is just beginning. Meanwhile, the domai
materials on which X-ray topographic studies of individuai disiscations

may be performed continues to expand. Experience suggests that almost
any pure, stable compound, organic as well as inorganic, can produce

crystals of low dislocation density when these are grown with reasonable
care. Thus the properties of dislocations in complex structures are now

open to investigation.

Study of the growth history of crystals remains a staple application
of X-ray topographv. The ability to sample a large crystal volume and
present on a single topographic record the variation of imperfection
content over a distance in the crystal corresponding to a substantial
epoch in its growth history facilitates the correlation of changes in type
and density of imperfection with changes in conditions of growth. In
studies of natural crystals one may hope to gain an insight into the
f:ircumstances under which they grew, circumstances possibly very
different from normal laboratory conditions. Diamond has been the
natural crystal most extensively examined so far. Natural and synthetic
quartz, and the amethyst variety of quartz, have also been investigated to
a considerable degree, and they are giving strong indications that they
contain defects equalling in interest and complexity those already found in
diamond. The development of dislocation configurations during the course
of growth of largec single crystals has been studied in silicon, lithium
flucride and synthetic quartz. For this investigation, specimens are
prepared from slices cut out of a large boule or ingot. Additional

information on the origin of imperfections can be gained by comparing

crystals grown vnder conditions differing in a known and carefully controlled

way. Except for 2 series of experiments on aluminum, no research

involving the intimate combination of a crystal-growing program with X-ray

topographic analysis of the quality cf crystals produced has yet been
undertaken in the zuthor's laboratory. This deficiency does not arise from
any lack of feasibility or usefulness of such a course of research, but
simply from a shortage of time and personnel which has tended to

concerntraie efforts on 'ready-made' crystals, either those produced by

J
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aiories.

Two other lines of rezearch whose feasibility has been well

demonstrated in exploratory experiments, bu. which remain to be fully
developed in extended research programs, are studies of dislocation
moction and of radiation damage.

such investigations.

X -ray topography has two notable
advantages to offer when employed as the major experimental method in
Firstly, the experiments can ve performed on

crystals in which dislocations move easily.

specimens sufficiently thick to be fully representative of the bulk material.
The proximity of surfaces strongly affects dislocation configurations in
irradiation.

SO.

It also affects the
concentration of defects such as vacancies which are produced on

A number of cases is known in which experimental metnods
which look only at surfaces or at thin films fail to give a true picture of
corditions in the bulk material, or are strongly suspected of {
With X-ray topography no such doubts exist.
method.

g

ailin
destructive, are -epeatable at will.

g to do
Secorndly, X-ray topographic experiments. being quite non-

This advantageous
characteristic to some extent ofisets the low resolution of the X-ray

the deformation of large specimens.

It is thus possible to follow stages in
damage.

It is also possible to make extended
series of exveriments oa one and the same specimen, involving, say,

anrealing, reutron irradiation, and step-by-step annealing of radiation

Studies of dislocation movements have been made in aluminum,
germanium, ard, to a lesser degree, in lithium fluoride.

Studies of
neutron irradiation damage have been performed iz some detail on

lithium fluoride; similar studies on diamond have commenced.

During the course of the studies of crystal growth and imperfection
have been observed for the first time.

content, and of defcrmation and irradiation, a wide variety cf phenomena
profitable work.

In many cases it would be desirable
to follow vp these observations by more extensive research.
regarded as fully explorecd: more ofter they indicate promise for future

Consequently,
iew of the lines of investigation described in the following pages can be
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1. 2. Plan of this Report

As already mentioned, the research here reported divides itself
roughly into two classes, (a) studies of fundamental phenomena of X-ray
diffraction in perfect and nearly perfect crystals, and (b), practical
applications of the X-ray topographic techniques to crystal imperfection
studies. It would seem logical to commence this Report with a
discussion of the fundamentals and then follow with an account of the
applications. However, the reverse course has been followed, for the
reasons here given. A number of projects falling under the
classification "Studies of Materials'" have been satisfactorily completed,
and a fair proportion of this completed work has been published. This
work is described first, so that the major results of the research, from
which quantitative and definitive conclusions have been drawn, can be
discovered without first traversing discussions of theoretical matters.

It is helpful in this connection that, as pointed out in Section 1.1,
practical use of X-ray topographic techniques can often be made without
reference to much diffraction theory. At points where the discussions of
crystal imperfections presented in Sections 2.1 through 2. 11 unavoidably
involve questions of diffraction theory, cross-references are given to

iater sections of the Report.

Section 3 deals with a range of diffraction phenomena. These
concern aspects of difiraction behaviour characteristic of periect crystals,
and most of them involve those parts of X-ray diffraction theory which
have had to be revised or extended as a consequence of X-ray topographic

experiments.

The diffraction prccesses which underlie experimental observations
of X-ray diffraction contrast from imperfections are descrited in
Section 4. These impuriant matters nave had to be discussed mainly in a
rather qualitative ard descriptive way, for it is in this Sranch of the
present research that there remain many unfinished investigations and
unanswered questions. To simplify the picture, oniy a limited range of tne
great variety of diffraction phenomena accompanying the topographic

observation of lattice defects is given cther than brief mention. it is hoped




that this restriction wiil enable the general perspective to be grasped
more easily, and will help to show that although rigorous and
quantitative theory is oiten still lacking, the general phenomenology of

the imaging of lattice defects is reasonably well understood.

About one third of the research done during the period covered by
this Report has been published in scientific journals. The majority of
papers are concerned with topics falling under Section 2. Thus a number.
of sub-sections of Section 2 neecd do little more than serve as
introductions to the published papers. Since these papers coantain the
illustrations without which the work cannot properly be understood,
reprints from the journals are included in this Report. For converience
they are bound together ai the end of the Report, but theyshculd be
considered as an integral part of the text. These eighteen reprints are
arranged in sequence in order of date of publication rather than according
to topic, but reference to them from any point in the text should be made
without difficulty since they have each been numbered on their front page.
For brevity, reference to particular points in a published paper included
as a reprint will usually be given by citing the reprint number rather
than the authors® and iournal reference,i.e. 'R18, Fig.4a' rather than

Authier, Rogers and Lang, Phil. Mag. 12 (1965) 547, Fig. 4a'.

The experimental techniques upon which the research is based
were developed in the years 1955 to 1958. Developments since then,
though important, have been in the nature of refinements rather than
radical innovations. Published accounts of the techniques have beer brief,
and concerned chieily with the geometrical principles of the diffraction
geornetry rather than their practical embodiments and the manipulative
and photographic procedures they involve. It is thus appropriate to give
now a summary of those aspects of the experimental method that have not
been published ard to explain socme of the factors whick control the
quality and resolution of X-ray topographs.




1. 3. Summary of Experimental Methods

1.3.1. Apparatus. A gereral view of the apparatus is shown in
Figure i. The {-ray sourceis inside the vertical tower on the left of the
picture. On either side of the source are placad the special X-ray
goniometers used in topographic studies. Figure 1 shows one of two
similar instaliations: there are four goniometers altogether in operation.
The X-ray beam leaving tke source is directed along the axis of a lead
conduit of rectangular cross-section and then is transmitted through the
incident-beam slit assembly located under the lead housing indicated at
A in Figure 1. This slit assernbly defines both the height arnd width of the
beam. The height is continuously variable and is adiusied by movement
of sliding tantalum shutters so as to correspond to the height oi the
specimen it is desired to investigate. The maximum beam height is
about 25 mm. The beam width is determined by which member of a set of
pre-set slits is put in position. Standard values of beam width are 12
microns, 100 microns and 175 microns. Factiors determining choice of
beam width in a particular experiment are discussed below. The distance

from the X-ray source to the beam-width defining slit is 20 cm.

The specimen, B in Figure 1, is placed approximately over the
rotation axis of the gonicmeter. This axis is about 4 cra. from the exit
slit in the siit assembly at A. The specimen is usualiy in the shape of a
plate and is mounted by wax inside an annulus of lead or zluminum. The
annulus is attached to a small bracket fixed te the top of 2 standard
goniomeier head. The arcs of the goniometer head allow rotation of the
specimen about two horizontal axes by + 30°. Holes regula:xly spaced
around the annulus ensble the specimen to be rotated in its own plane by
larger angles. The holes are usually spaced so that this rotation can be
mace in steps of 30°, 45° or 600, depending upon the symametry of the
crystai and the number of Bragg reflections it is desired to investigate.
The goniometer arcs are attached to circular discs that fit flush into the
top of the platform of the traversing mechanism. Surrounding the disc
is a 360° scale which enables the plane of the annulus to be set at any

desired angle with the direction of the moticn of the traversing mechanism.
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X-rays diffracted by the specimen are detected by the
scintillation counter C in Figure 1. The counter housing slides on the
optical ways which top the substantial 'detector-arm' of the goniometer.
The bearings of the detector-arm are coaxial with, and surround, those
of the central spindle carrying the traversing mechanism. A seccnd arm,
called the 'slit-arm’', is topped by similar optical ways as those of the
detector-arm and it carries the diffracted-beam slit assembly D. The
slit-arm is car-ried by the detector-arm on a sleeve bearing. Thus, the
angle between them is variable at will. Usaally it is kept at 900. The
counter C and the slit assembly D can be interchanged between the
detector-arm and slit-arm if required. This enables high diffraction

angles on either side of the direct beam to be recorded.

From the slit assembly D hang a pair of tantalum plates. In the
standard tcpographic techniques it is arranged that the diffracted beam of
a given Bragg reflection, and this beam only, passes through the gap
between the plates before it reaches the recording photographic emulsion.
In order to accomplish the setting of this gap positively and speedily, the
assembly D has 2 number of easiiy-mmade adjustments. Firstly, the
whole assembly slides on the optical ways of the slit arm and can b»
clamped in position at any point on the ways. In Figure 1l it is shown
drawn right back, away from the X-ray beam, so that the specimen and
its mount may be seen. The hanging tantalum piates are provided with
small balancing weights (hidden in Fig. 1) which can be adjusted to ensure
that they hang in a plare normal to the difiracted beam. The gap between
the plates is set by a fine diiferexntial screw. After the slits have been set
approximately in the right position by sliding the whole siit assembly along
the ways of the slit-arm, the fine adjustment of their position to make
their gap just straddle the diffracted beam is eiiecied by a micrometer
screw. The distance between the hanging slits and the specimen is
adjustable over a range of about 2 cm by a spring-loaded screw which
rocxs the near-vertical supporting shaft abouat a pivol parailiet to the
optical ways. Adjustment over a wider range is obtained by unclamping

the supporting shaft from its pivot.
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The recording medium used in X-ray topography is usually

- } .
Iiford Nuclear Emalsion. The cmulsion, coated on a2 glass plate 17 inches
by 1 inch, is mounted in a casette. The casette stands on the platform of

the traverse unit. It is placed between the hanging slits, D, and the
counter, C, as near as possible to the former so as to minimise the
distance between the specimen and the plate. No casetie was in position
when the photograph reproduced in Figure 1 was taken so that the view of

the specimen and the hangirg slits should not be obstrucied.

Similar mechanisms control the angular adjustment of rotation
about the goniometer axis for both the central spindle upon which the
linear traversing mechanism is fitted and for the cylinder which carries
the detector arm. Each rotaticrg member carries large gear wheels of
720 teeth {64 pitch). Radius arms may be latched into the gear teeth at
any position. This iatching operztion sets the angle to the nearest half
degree, the angle being read off from a revoiution counter. For fire
adjustment. tangent screws ale used. :Attached to the tangent screws are
embossed drums 23 inches in diameter. These may be seen on the leit in
Figure 1. One revolution of the screw correspongs to 0- 1°. The drums
are divided into a scale reading from zero to 360, and thus indicate
secornds of arc directly. A subsidiary counter, geared to the micrometer
spindle, reads in hundredths of a degree. The fine control of angles,
performed by easily accessible and controllable drums giving a direct
reading in seconds of arc, has proved of inestimable value throughout the
use of the goniometers. The rerformance of the goniometer bearings
enables small drum rotations corresponding to fractions of a second of

arc to te fcllowed smoothly and faithfully.

The topographic technique most frequently used in the researchwhich
is described in this Report is that ci the 'projection topograph’® (Lang
19592). In this technique, the specimenr is mounted on an accurate linear
traversing mechanism zand is moved to and fro during the course of the
experiment so that it is scanned by the collimated incident beam. The
effect is as i1i a large source of X-rays were present a very long distance

from the specimen, ensuring that the whole area of specimen to be
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examined is bathed in a uniform, parallel beam. In the projection

topograph, Bragg-reflected rays transmitted through the specimen are
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to study surface reflections from large areas of specimen. The diffraction
geometry of reflection scanning techniques, and z variety of their
applicationsusing the apparatus of Figure 1. were reported some years ago
but have only been published in summary (Lang., 19572). Ref{lection
scanning topographs have been used in the work described in this Report in
instances when surface damage, or the outcrops of defecis at suriaces,

were the subject of investigation.

The linear traversing mechanism is designed on kinematic
principies. The platform carrying the specimen has on i1ts under side five
Teilon balls. These ride on a smocth, square-section bar (the near end
of which is clearly visible in Figure 1) and on a precision flat (hidden from
view in Figure 1). Also attached to the under side of ihe plaiiorm are two
plane-ended rods whach fit (with about 0- 001" clearance) over balls
attached to both the spindle end and thimble end of a micromeier head
whose barrel 1s attached to the base of the traversing mechanism. The
micrometer is driven by a Synchro through a reduciion gear. This

Synchro is paired with another Synchro mounted remotely :n the Goniometer

by

Control Urit{not shown in Figure 1). The operations of siarting. stopping.
reversing, changing speed and changing traverse lirmis are all periormed
at the Conirol Umt. This arrangement has the greai advantages that (i}
the minimum of mechanical and electrical devices 15 mounied close to the
specimen, thus reducing sources of heat and vibraiion close 10 the
specimen, and (2) no impulses are given to the traversing mechanism.
either by reversing-switch contacts, or by hardling 1n gear changing. etc.,
which maght disturb the angular setting, or otherwise upset the specimen.
The absence of the requirement to make adjustments on the iraversing
mechanism itself carries also the incidental advantage of reducing
opportunities for accidentally putting hands or {ingers in the path of the
X-ray beam. Although the motion of the iraversing piatiorm is remoiely

controlled. ils position is always accurately known. A revoluuion counter,

reading 1n thousandths of an inch, is placed in an easily readable position

- = N R e e R
N - e - e T et prry s -

.él“l

e —— — e —————— S S




~15-

on the traversing mechanism. The maximum range of scanning 1s ahout
23 mm. Since the maximum beam height 1s about 25 mm 11 foliows that
it is possible to scan an area of 25> mm X 23 mm. a2!most one inch square,

on a2 single topograph.

When the traversing platform is stationary. the ‘still' picture
obtained is called a 'section topograph'. Indeed. the "projecuion
topograph' may be regarded as built up from the superimposition of many
such 'stills'. The d:ffraction geometry of the "sesction topograph’. and
some of its applications, have been described {Lang 195%7b) Seciion
topographs are often used to examine in detail particular 1nterral
features of crystals revealed by projection topographs. it is especially
convenient,for this purpose,toc be presented with the direct reading of the
platiorm position which is provided by the revolution counter. By this
means it is possible to set tiie position of the platform repreducibly te
within 2 range of 0- 0005 inches. which corresponds to the width of the

narrowesi X-ray beam commonly used in taking section topographs.

The X -ray source used is a Hilger and Wzauts Lid. (London,
England) Microfocus Unit. The model in the arrangement shown 1n
Figure 1 1s "Y25' and it huas the axis of its electron beam veriical. The
plane cf the target face is horizontal. and in this generator it is facing
upwa rds since the cathode is zbove i1z. Tke cathode :s near ground
potential, whereas the anode :s at high potential and 1s cooled by oil
rather than by water. It follows that the two X-ray beams led off from
the poris on either side of the veriical X-ray tube housing are directed
slightly above the horizontal plane, the mean t2ke-o6if angle {rom the
target face being 3°. Since the maximum height of the beam at the
specimen is about 25 mm, aciual take-oif angles range from 1%0 at the
lowest point of the ribbon beam to 4%0 at its top. The X-ray iniensily is
reasonably constant over this range oi take-oif angles. but the apparent
height of the source varies so that the geometrical resolution s affected,
as discussed in Section 1.3.3. In Figure 1 the X-ru- tube 1tseli is
surrounded dy 2 lead-lined brass box which ensures thorougn screening

against X-ray leakage from the X-ray tube windews and provides supporis
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for the front ends of the lead conduits that carry the X-ray beams to the

incident-beam slit assemblies of the goniomaters

2

The X -ray tube focus is i-4 mm iong on the X-ray tuebe target

face and is nominally 100 microns wide. It is viewed end-on from the
goniometers. Its actual half-width at half maximum :niensity appears in
praci:ce to be less than 100 microns when the focus 1s well adjusted. The
focus quality depends upon the correct positioning of tne filament.

focussing hood and target with respect to each other. When the tube 1s in
operation the focus width can be controlled by varving the bias voliage
between filament and focussing hood. The design of the X-ray tube and

its circuit is essentially that of Ehrenberg and Spear {1951) The tube is
continuocusly pumped so that targets may be changed at will. The following
target elements have been used in topographic stzdies: silver, melybdenum,

copper, cobalt and chromium. Experimental targets have been made of tin,

antimony and of germanium.

A reliable method of measuring the intensity of diifracted X-rays
is essential in order to set up topographic experiments quickly and to
estimate exposure times correctly. Scintillation counters are used ior
this purpose since they offer (1} a large sensitive area.(2) high counting
efficiency for all the X-radiations used and (3) high maximum counting

rates. A simple but effective counter is shown in Figure 1. The

g
scintillatien crystal is a disc of Nai(Th) 25 mm in diameier by 1 mm thick
coniairad in a capsule with a thin beryllium window. The photomultiplier
is an E.M.I. Type 9524B, having a 25 mm diameier phoiocathode. The
performance of this photomultiplier is so gocd thai 1t can be used withouta
preamplifier. It 1s connected directly by a single low-capaciiy screened
cable, 4 meters loag, to an EKCO Ratemeter Type N622A. This ratemeter
contains a stabilised high volitage supply unit, an amplifler of maximum
gain 1,000, a discrim:nator with range 0-100 volts and a lirear ratemeter
with fuill scale ranges from zero to 3, 10, 30. i00. 2,000. 10.90G6. 36,000
and 100,900 counts per second. This division into iwo ranges per decade
has been found very useful. The counter background {X-ray bezm off) is
abeout | count per second. The counters are reasornably l:near 1n response

up 10 rates of about 30 tc 40 thousand counts per second. and ihey saturate
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at about 70,000 counts per second. Th
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of setting up topographic experiments usually lie betweer 10, 003 and

50,000 counts per second. Exceptionally smali crystals. weak reflections,
or highly collimated incident beams may give rates below 1,000 counts per
second. When specimens containing a well-develcped mosaic structure

are being studied it is convenient to use a strip-chart recorder 1n
conjunction with the ratemeter. 1lndividual sub-grains in the specimen can
be recognised by the particular reflection peaks they give when the specimenr
is scanned, and it 1s possible to set up topographs to study a given sub-
grain in several Bragg reflections without the need for trial exposures to
check that the sub-grain is in the correct orieatation for Bragg reflection.
The combination of scintiilation counter, ratemeter and strip-chart
recorder has. of course, more quantitative applications in the measurement
of integrated reflections, angular ranges of reflection. and misorieniations

between sub-grains.

1. 3. 2. Photographic technique

In order to produce high quality topographs it is as important to use
the most appropriate photographic technique as 1t is 10 perform the
experiments on suitably designed mechanical apparatus suck as that which
has been described in Section i.3.1. In the course of the early X-ray
topographic experiments 1t was found that none of the available X-ray fiims,
whether designed for crystallography or radiography, permitted the full
potentialities of the X-ray geomeatry to be realised. The 'Non-Screen'
crystallographic films were much too coarse-grained. The fine-grain
‘Kodak Type M’ radiographic film, which 1s used, for example, in the
radiography of light alloys, gave much higher resolution but was 16 times
slower than the 'Non-Screen' film wher used with Agra radiation. Various
types of dental film, with characteristics intermediate beiween "Non-Screen'
and 'M"' emulsions, were also tried. Attention was then turned to nuclear
emulsions, which combine fine grain-size with high stopping power for
harder X-rays. Use of Iliord G. 5 nuclear emulsion commenced at the
end of 1957 and was ar immmediate success. About 2 year later. a change
was made to the still finer-grained Ilford L. nuclear emulsion which had

then become soutinely commercially available. ilford L. nuclear

A T T B R T ST e ST T T S




-16-

emulsions have been used for all serious topographic work since the

beginning of 1959.

The chief qualities that make the G. 5 and L. 4 emulsions suitable
for X -ray topographic use are a grain-size well below resolution limits
of the technique as set by geometrical and other factors. and tke
availability of a range of thicknesses sufficienrt to ensure high absorption
efficiencies even for the most penetrating radiations likely to be used in
X-ray topographic work. An important characteristic of these particular
nuclear emulsions is that they are sensitive to low-energy electrons.
This is a necessary condition for the efficient recording of X-rays since
the actual grain sensitising agents in the emulsion are photoelectirons
of usually not more than a few kilovolts energy. Emulsions L.4 and G.5
also have a very high conceniration of halide so that high stopping power
is achieved with the minimum physicai thickness of emulsion. The
chemical composition ¢f G. 5 and L. 4 emulsions 1s the same but their
grain size is different. The mean diameter of the grains (undeveioped]
in these emulsions is 0-27 microns for G. 5 and 0- 14 microns for L4.
An average chemical analysis of the emulsion in equilibrium with air at
normal room temperature with a relative humidity of 58% is, in grams
per cc,:

Ag Br H C H O N S

",

1-817 :-33% &-£012 9-Z77 0-053 0-249 0 0714 9©-007

The density is thus 3- 228 gm per cc, and the halide content is 3-168 gm
per cc. Hence the weight fraction of halide is 83%. Approximate values
of the '3 value thicknesses'. i.e. thicknesses required to absorb half the
incident intencity are, for AgKa, 100 microns; for MoKa. 50 microns;
and for CuKa, 12 micrens. Ia practice, emulsion 25 microns thick is
used for CuKa and all softer radiations, and 50 microns is used in
preference to 100 microns for McKa and AgKa because of its shorier

processing time and less risk of emulsion distortion.

One approach to the problem of high resolution in photographic
recording is io combine very small grain size with very thin emaulsion

thickness. This approach is adopted in highk-resolution spectrographic
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emulsions, for example. In the X-ray topographic case such thin
emulsions would be prohibitively 1inefficient in absorbing the X-rays,
under usual experimental conditions. They would 2iso give greater
statistical {luctuations in number of developed grains per unit area and 2
smaller usable photographic density range than the thicker emulsions,
two disadvantages which wculd not be oifset by the reduction in scattering
and reducticn of iniercepted lengths of photoeleciron iracks which their

emeulsions should show.

The acceptance of thick emulsions as the standard recording
mediurm restricts the diffraction gecmetry to techniques in which the
emulsion 1s always placed nermal te the diffracted beam. In such cases
any distortion oi the shape of a2 crystal face on the topugraphic image
caused by obliguity of the diffracted rays leaving the face must be
corrected either by moving the crystal and emulsion at different rales
with respoct i< the X-ray beamn, or by rectifying the topograph in the
process of photographic enlargment. Both meilods have been used with
success. The need for setting the emulsion normal to the difiracted beam
is of course more severe the thicker the emuision: one degree ofi
normality would cause a lateral diffusion of the image by nearly Z micrens
in a2 100 micron thick emulsion. In practice, an optical sighting
technique is used to bring the plate casette {inside which the piate carrying
the emulsion is precisely located) to within %0 or less from exact
rormality to the diifracted beam. The 3" X I'" glass plates on which the
emulsion is coaied are cut in half before use so that each provides two

topographs. 13" X 1" in size.

Another complication incurred by use of thick emulsions is the
need for long processing an¢ washing times. However. ilie thickest emaulsion
used {100 microns) is nct so thick as to reguire the ‘temperature cycle’
technique to a2ttain reasonably uniform development. 1i1s customary to
use what might be called a 'mcdified temperature cycle' arocedure. In
this the development is carried out at a constant, low temperuture. This
1s chosen for convenience to be the freezing poini of the developer

solutionn. The development time is lengthened by periorming ihe entire
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development at this low temperaiure but tiie “esultant deg:ee of
development is fairly uaniform througho=t the wnole emilsiou depth. The
basis of this procedure 1is that diffusion t‘mes vary htile with temperature
whereas rate of development increases roughly exponentially with
temperature. Diffusion times are proportional to the square of the

emulsion thickness.

The developer chosen for use is Kodak D19b. One part of
standard strength Di9b is mixed with three parts of water. The fixer
contains 300 gm sodium hyposulphite plus 30 gm sodium bisulphite per
liter. Between developing and fixing. 2 stop bath of 1% glacial acetic
acid 1s used, and before development the emulsion is soaked in plain
water so that 1t swells to allow rapid diffusion of developer into it. The
processing schedule is given :n Table 1.3.2 A,

Table 1.3.2_A.

Process:ing schedule for Iiford nuclear emulsiorns. times in minutes.

Thickness, micrens 25 50 i00
Soak S -10 10-15 29
Develcp 12-30 18-6v 30-60
top dath 5 10 20
Fix 39 60 12¢Q
Vash 50 120 240

The washing is performed °n cold, rurring. fiitered waier. Drying takes
place 2i room iemperzature in normai laboratory air. preferabiy ina
muslin-covered box 0 exclude dust pariicles which might settle on the wet

emuision

The reasen {cr the wide rangs of developing times quoted irn Table
i 3.2 Ais as follows. One of the admirable characteristics of the Iiford
nuclear emuls:ons is the great range of photographic dGeansity over which
density is directly proportional to dose of X-rays Experiments with
conirolled exposures, using monochromaiised characteristic radiations,
have shown 2 siricily linear reiationship between density and exposure up
to densities of 210 2-5 The exposures were made on L 1 emulsion:
23 microns thick exposed to CuKa. 50 microns thick 10 MoKa and 160
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macrons thick to AgKa. It has also been found thai, ior a given exposure.
within a very wide range of exposures, the density increases steadily as
the development time increases. Now it has teen esiablished irom much
experience that the best conditions both for visuai study of topographs
under th microscope and also for the:r photo-mi:crography are obtained
when the ‘basic density' of the topograph 1s about unity. ‘Bas:c density’
here refers to the roughly uniform image density produced by areas of
crystal free from 1mperfections. Under this condition the density n
images of individual dislocations rises to zbout two. They are thus
visible with high contrast but are stili within the linear density range of
the emulsion. The actual dose per unit area received by the emulsion in
a topographic experimeni may vary considerably: special circumstances
of the experiment may determine that the exposure be much less or much
greater than usual. It 1s possible, and is :ndeed customary, to develop
21l topographs 10 roughly constant densiiy in the imperiection-free areas;
and it foliows from what has been said above that: this ireatmen? can be
extended to exceptional topographs wiih much smaller or greater
exposures than usual. Hence the wide :ange of deveiopment iimes quoted.
Now the nuclear emulsions are relatively insensitive to light. Ilford S
(light brown) or F(dark brown) safelights are uscd. and with them the
illumination level is sufficient for an experienced worker tc make good
estimates of the image densiiy by 1nspection at stages in the development,
and to terminate ithe development when the desireé density is reached.
The increase in photographic density produced by lengthening the
developing time arises from grain growth in the emulsion, but even with
the longest develonmenis used the grain diameier remains below one
micron and does not become a2 facior direcily aifecting the resolution.
What does change between sirongly and weakly exposed topographs 1s of
course the number of photons absorbed per unit arez. and hence the
statistical fluctuations in the number of developed grainsper unit area.
These fluctuations are 2 very important factor in determining topographic
quality and resolution, and are discussed further in Section i. 3. 3 below.
To reduce these fluciuations, long exposure times and short deveiopment

times are favoured.
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The nuclear emulsions are stored under refrigeration, and are
kept in sealed containers to avoid axcessive drying of the emulsions.
Since processing is always performed within a few hours of concluding an

exposure, no trouble is encountered due to latent-image fading.

Photomicrography oif topographs is 2n exacting process. The
apparatus used for this purpose 1s a Vickers Projection Microscope.
This microscope has the path of the specimen-illuminating rays readily
accessible. Such accessibility permits variously shaped apertures and
variable density masks to be inserted 1n the iilurninating beam and be
projected by the sub-stage condenser on to the topograyh. A majcr
problem is the wide density range encountered in the average size of
field it is required to photograph. These density changes may be duae to
warping of specimen sub-grains,or varying specimen thickness, for
exampie, and a2re gererally beyond the conirol of the =xperimenter. In
bad cases it is worthwhile to prepare a slightly out-of-focus enlargment
of the topograpk on a soit lantern plate and to insert this plate in the
illumination system in such a way that it is projected on the topograph with
the right reduction in size so as just to match the size of the topograph.
It wiil then partiaily balance the long-range density variations over the

fHeld of interest.

The areas it is desired to include on a given topograph are oiten
greater than 1 mm in diameter. Hence iflat-field objectives are used.
Since the emulsions to be photographed are qauiie thick, there is no
advantage in using obiectives wiih high numericz! zperiures since these
have only a small depth of focus. Emulsions shrink on processing to about
40% of their undeveloped thickness. Thus some of the 1nformeation in the
emulsion would be lost if the depth of focus were much less than 10. 20 and
40 microns in phoiography ¢{ 25, 50 and 100 micron emulsicns, respectively.
The wide-iield objeciives are used withoui 0il immersion. chough the
topograph itseli is always protected by 2 microscope cover slip. wit?
immersion 01l betweea the glass and the surface of the emulsion. in this
way not only is the topograph safely preserved,but highi-scaitering from
small craters and acdhering gelatine threads on the emaision suriace is

avoided.
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The flat-field objectives used are the Zeiss Plan X6- 3,
0-16; Zeiss Plan X10, N.A. = 0-22; and Cooke Microplan X10,
N.A. = 0:-25. On a few occasions the Cooke A8464 X20, N.A. = 0. 50,

N.A.

has been employed. In Table 1. 3.2B are listed the theoretical
resolution (given by A/2N.A.) and the depth of focus given by the
Rayleigh criterion ( A /4 sinz%n) for the range of numerical apertures
used. The wavelength inserted in these formulae is that of the strong
mercury green line, 5,461A, which is used in visual work. In
photography, the combination of film response with the filters used is
such as to make dominant the wavelengths around 5,000A, so the
theoretical resolution is then about 10% better. The refractive index
of the emulsion is taken 2s 1-4, and the angiz a in the formula for the

depth of focus is the semi-angle of the cone of rays in the emulsiorn.

Table 1.3.2.B

Resolution and depth of field in nuclear emulsions

N.A. Resolution, microns Field depth, microns
0.16 1-7 31
Cc- z2 1- 2 i6
0- 50 0-55 3

The figures in Table 1. 3. 2B agree well with experience: the X6- 3 Zeiss
objective is best for 100 micron emulsions, the X10 Zeiss or Couke
objectives work well with both 50 microa and 25 micron emulsions. The
X20 Cooke objeciive is used only width 25 micron emulsion and its small
depth of focus entails poorer grain density statistics. This loss can be to
somie extent made good by scanning the objective up ard down through the
12 micron thickness of the processed 25 micron emulsion. The Zeiss

Xeé- 3 objective gives good quality in fields as large as 3-4 mm in diameter;
the corresponding diameter for the X10 {flat-field objectives is about

1-2 mm.

Factors such as the length of photoelectron tracks in the emulsion,
discussed in Section 1. 3. 3. below, show that the maximum: atiainable

topographic resolution depends strongly upon the X-ray wavelength.
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It gets rapidly poorerfor radiations more energetic than MoKa. Thus the
three numerical apertures listed in Tabie 1. 3. 2B correspond nicely to the
maximum values needed for enlarging topographs taken respectively with
AgKa, MoKa, and CuKa (and softer) radiations. (Experience has shown
that the maximum useful total magnifications obtainable are 150 to 209
with AgKa, 200 to 300 with MoKa, and 400 to 600 with CuKa. The basis
of these estimates is discussed fully in Section 1. 3. 3. below.) The
photomicrography is done on to sheet film 12cm X 16- 5cm in size which
is then printed at magnifications oi, say, X2 or X3 to make positive
reproductions of the original topcgraphs. A sheet film found generally
suitable for micrographic use is Kodak Commercial Fine Grain CF8.
This has a long linear r2nge on its density versus log exposure
characteristic curve. It also has a gamma that can be varied over a

wide range by changing the development conditions.

In another photographic technic ae pairs of topographs which are
stereopairs (for exampie the hk{ and bkl reflections from the same
crystal) are enlarged as transparencies and examined in a stereoviewer.
These transparencies can also be projected for lecture deraonstration
purposes, using tnc Polaroid three-dimensional projection system. For
studying stereopairs in the course of research it is usuzl to examine the
original topographs directly under a p=ir of twin microscopes. For this
purpose a pair of similar objectives is used. they may be 3X, 10X or

20X, depending upon the nature of the subject.

i. 3. 3. Quality and resolution of X-ray topographs.

A more detailed discussion will now be presented concerning various
factors which determine the quality and the resolution of X-ray topographs.

Firstly some features of the diffraction geometry will be considered.

In the vertical plane, i.e. the plane containing the gonismelsr axis,
the geometric resolution can be calculated according ic the simple rule
familiar in radiography. Let the distance from scurce to specirnen be a,
and from specimen to emulsion be b. Then if the appzrent height of the

source is h. 2 point in the specimen wil! prosuce an image whese range of

diifusion in the veriical directie= is h(bfa). Tke distance a is fixed at
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45 cm. At the mean take-off angle of 3° the apparent height of the X-ray
tube focus is 70 microns, at the top of the maximum vertical range of

illumination of the specimen it is 105 microns, and at the bottomn 35
microns. {These figures for 2 and h foilcw from the dimensions given

in Section 1.3.1.) An average distance from specimen to emulsion is

1 cm. Hence the geometric vertical resolution is 1- 5 microns at the
mean take-off angle, Z-3 microns at the upper limit of the incident beam
and 0- 8 microns at its lower limit. When using CuKa and softer radiations,
it is better therefore to avoid using the upper part of the beam; and it is
desirable to try and make b less than 1 cm. This effort is barely
worthwhile with MoKa and harder radiations, however, as the discussion
following later in this Section will show. Note that there is a slight
vertical distortion of the topograph image; the distorticn factor is (a+b)/a,
and is about 2%. This factor need be included only in the more accurate

measurements of orientations of dislocations, fault suriaces, etc., on

topographs.

The resolution in the horizontal piare, i.e. in the plane of the
incident and diffracted rays, involves the angular range of reflection of
the crystal and the wavelength spread of the X-ray line used. Firstly, it
must be emphasized that topographs of perfect and nearly perfect crystals

are recorded with the Ka; radiation only. Accordingly, the incident beam

[

s suificiently weli collimated to separate completely the Bragg reflections
of the a; and a) components. This collimaiion is achieved by correct
choice of the pre-set beam-width defining slit referred to in Section 1.3.1.,

and by careful adijustment of the X-ray iube focus.

The contribution of wavelength spread to image diffusion is
calculated as follows. Let dA be the wavelength range corresponding to
the width at haif maximum intensity of the X-ray emission linc profile,
then the range of Bragg angies corresponding to dA isd? = tan 3({dAjA).
The image of a point in the crystal will be diffused to a widik
dx4 =bd% on the emulsion due to the angular range d< . Table 1.3.3.aA

lists the Bragg angles T, the angular spreads d¢ in seconds of arc, and

the values of dx_in microns when b= 1 ¢m, calculated for two radiations

A
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and for two interplanar spacings d. Topographs are not often taken of

reflections with d greater than 33A or less than lA.

Table 1.3.3 A

Image diffusion due to natural wavelength spread

AgKa;
A= 0-559A.
dA = 0-28XU.
dN¥A= 5x 107*

CuKa;
A = 1-540A.
dA = 0.6XU.
aV¥A=1x10"

(8 ]

d,A. < dar dx, ,pm d"." dx, ,pm.
3.5 4-5 8 2 0-4 12-7 18 0-9
1 16-2 29 1-4 50- 4 99 4-8

Calculations such as those exemplified in Table 1. 3. 3A show that
if Bragg angies larger than about 30% are used {which is not often the case
in transmission techniques) then the specimen-to-film distance should be
reduced below 1 cm in order to avoid a large contribution to image

diffusion from the wavelength spread.

The contribution to image difiusion in the horizonial plane due to the
angular range of reflection of the specimen, assuming it behaves as a
perfect crystal, can be gauged from the following figures for strong
reflections. For weaker reflections the angular range is less, being
Airectly proportional to the integrated reflection. Table 1.3.3.gives
the angular widths of reflection at half maximum intensity e¢f some strong

reflections in the symmetrical transmission case.

Table i.3.3 .:

Angular widths of reflections a2t half height, in seconds.

:\gKQl CUK!I’!
Silicon, 220 1-7 5-5
Germanium, 220 3 8 15

From comparison of Tables 1.3.3. 4 and 1. 3. 3. B 1t will be seen
that the perfeci-crysial angular reflecting range makes much smaller

coniributions te horizontal diffusion of the image than does the naturai
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wavelength spread, and can generally be neglected.

Horizontal diffusic» of the image will cause more serious loss of
resolution 1f the hor:zontal scale of the image is compressed by the
oblique emergence of diffracted rays from the specimen. Suppose the
specimen is in the form of a plate whose horizontal dimension is P, and
suppose the Bragg plane used is 1nciined at an argle a with the normal to
the plaie. Then. when the deviation 26 of the diffracted beam and the
inclination a are in the same sznse about the goniometer axis, the
horizonial dimension oi the topographic image, P', is P cos(8 +a). Thus
the horizontal magnification factor. cos {6 e}, 1s always less than unity.
(This applies so long as the standard experimental arrangement is used,
1n which the diifracted beam 1s perpendicular io the photographic
emulsion and beth specimen and emulsion have the same traverse motion. )
It 1s preferable to take topographs with 8 and o in opposite senses in order

to mimmise the horizontal topographic disiortion.

When the specimen is in the form of 5 plate. of thickness t, and is
mounted parallel to a plane containing the goniometer axis, then the
width. w. of 2 sectior: topograph 1mage is given by w=t sec(€ -a)sin 2% ,
(Lang 1957b). It 1s customary to mount the specimen plate parallel to the
traverse direction in taking projection topographs. When this condition
is fulfilled the diffracted beam remains stationary in space during the
traverse, and the hanging slits between specimen and emuision can be set
at their mimmum gap width. This width 1s w plus an allowance for the
incident beam width. It is highly desirable to keep the gap width as low as
pessible 1n order to prevent unwanted Bragg and Liaue reflections from
reaching the emulsion and also :6 reduce the background of fluorescence
and Compton scattered radiaiion on the topograph. Of course, in the
various techmques of "himiied projection topograpas’ {R6. Lang 1963a) the
gap in the hanging slits is reduced below the above -quoted value of w for
the specific purpose of seleciing difiracted rays coming irom particular

lzyers 1n the specimen. to the exclusion of others.

Some consideration will now be given to factors afiecting t :e

Gguality and resolution of topographs which deperd upon the number and
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spatial distribution of developed grains in the nuclear emulsion, These
factors are determined by the physical processes accompanying the
absorption of radiation in the emulsion, rather than by the diffraction
geometry as was the case with the factors considered above. Consequently

they are less under the control of the experimenter.

It has been explained in Section 1, 3, 2, that the need for high
absorption efficiency demands the use of thick emuleions rather than the
single-grain-layer emulsions often used in high-resolution optical work.

In thick emulsions it is necessary to consider the spatial distribution
surrounding the primary absorption event of all other following absorption
events involving the photoelectrons and fluorescent X-rays into which the
incident photon's energy is distributed. Now in the case of CuKa
radiation, the energy of which is 8keV, no photoelectrons are produced
whose track in the emulsion extends out to a distance greater than about
half a micron from its point of origin. Hence absorption of a CuKa

photon wiil either produce a single grain or a clump of perhaps 2 or 3
adjacent grains contained within a volume whose diameter is about halfa

- micron. Such a clump will appear as a single particle at the highest
optical magnifications customarily used in enlarging topographs. Hence,
in the case of CuKa radiation, and, a fortiori,in the case of softer
radiations, there is no significant impairment of resolution by spread of
ionisation 1n the emulsion. The contrary is the case with the radiations
harder than CuKa that are commonly employed, MoKa and AgKa. The
absorption processes of MoKa and AgKa will now be considered. Both
radiations are harder than the K absorption edge of bromine but softer
than the K absorption edge of silver. Consequently the ratios of absorption
cross-sections in the various electron shells of silver and bromine are the
same for both radiations. It is convenient to examine first the behaviour
of the primary photoelectron produced in the first step of the absorption
process and subsequently the way in which the excited atom in the emulsion
loses 1its ener.gy. For every 100 photons incident upon the emulsion, the
relative numbers absorbed by the various shells can be calculated from the
known values of absorption coefficients and the 'jump ratio' at the K

absorption edge (Compton and Allison, 1960). 'Z_I‘hesé numbers appear in
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the second column of Table 1.3.3.C. Figures quoted for the radial
range and the number of grains along the track are of necessity very
rough. By radial range is meant the length of the straight line joining
the origin of the photoelectron to the last grain on its track. This is also
known as the chord of the track. The value zero means that the photo-
electron produces one grain only, at its origin. Along short tracks such
as those here considered the electron produces about 13 grains per
micron path, on the average. The range as usually defined is the line
integral of the particle trajectory. The radial range (or chord} is of
course less. and the difference between the two values becomes greater
the lower the electron energy, as the number of high-angle deflections of
the electron increased. The figures given in Table 1.3.3.C are based
upon experience gained in the present investigation and also upon data
obtained in other work with nuclear emulsicns, {see, for example, Powell,
Fowler 2nd Perkins {1959)). The photoelectron energies are given
precisely by the difference between incident photon energy (E,) and the

appropriate absorption edge energy of the absorbing atom (EK, 1)-

Table 1.3.3.C

Absorption processes in nuclear emulsions: characteristiics of primary

photoelecirons.
Absorption Relative AgKa MoKa
no. of E, =22-1 keV Ex=17-5 keV
phoions
involved photo- radial no. of photo- radial no. of
elect. range, grains elect. range, grains
energy, um on energy, pm on
keV track keV track
Ag
L Shell
Ej=3-3keV 30 18-8 2-2% ~3  14-2 11 ~2
Br
K Shell
Eg=13-5keV 69-5 8-6 0-% 1-2 1.0 0 1
Br
L Shell
Ep=1-5keV 9-5 20-6 2-3 3-4 16.0 13-2 2-3
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The spectrum of fluorescent X-rays is the same whether the

incident X-rays are MoKa or AgKa. Only a small fraction of the
incident photon cnergy is carried away {rom the absorbing atom as
fluorescent X-radiation. Values of fluocrescent yield ("’-'K, L) {or of its

complement, the internal conversion coefficient (I.C.C.)), are given by

Burhop (1952). The relative number of the various fluorescent X-ray

photons produced per 100 incident photons, together with their ranges,

are listed in Table i.3.3.D.

Table 1.3.3.D

Absorption processes in nuclear ernuisions: number and range of

fluorescent X-rays.

Absorbing No. absorbked No. of Range of

sheil in shell flucrescent fluorescent

X-ray photons X-rays, pm.

Ag, L
WLZO']. 30 3 41
Br. K
wg=0-56 60-5 34 54
Br. L
wy = 0.-03 9-5 0-5 2-5

Now 1n order for resolution not to be impaired by 10nization

produced 1r the absorption of fluorescent radiation. the range of the

flucrescent X-rays should either be quite small (not greater than abeout

1 micron). or sufficiently larger so that the ionization preduced is

distributed with low average density throughout a volume large compared

with the dimensions of image detail it 15 required io resolve. Only an

increase 1n background occurs in the latter case. Table 1. 3. 3D shows

that the great majority of the fluorescent photons are of comparatively

iong range, and indeed stand a good chance of escaping from the emulsion

before absorption when emulsions of 25 or 50 micron thicknesses are used

-

The X-rays whose ranges (defined as the reciprocal of ihe Jinear

absorpiion coeificieni) are 2- 5 and 4-1 microns would be quite troublesome

.



1f they were not fortunatel, oare

A combination of the data presenied in Tables 1.3.3Cand 1.3.3.D
provides a mcture of the spauzl distributicn of developed grains. In
about 60% of the events in which an incident photor :s absorbed the
iomization 1s limited to a volume of diameter about one micron, producing
a grain clump effectively at the point of absorpuion. In the remaining
40% of events mosti of the energy is carried away by the frimary photo-
electron: but the probability is high that the remainiry ~aergy w:ll be
internally converted into Auger clectrons so thzt at least one devesoped
grain wiil be preoduced at the point of absorption. When the primary
photoeleciron has one of the higher energies listed in Tabie 1. 3. 3. C the
total grain distribution will then have the appearance of a 'chain-shot’,
but with at most about 3 'links’ in the 'chain'. From this picture of the
ionmization disiribu” on it follows that the resoluticn limit impesed by
spread of i1onization in the emulsion may be reasonably assessed to be

. - - . .- ] . .
about 2 - 3 microns with AgKa radiation, and 13 - 2 microns with MoKa.

Inspection of the topngraphs shows that very often the dominant
factor iimiting resolution of fine detail is the presence of a high 'apparent
granularity' in the image. This is termed 'apparent' because in fact it
has litile connection with the actual grain size which is but a fraction of
a micron. Rather is it due to statistical fluctuations in the number of
developed grains contained within one area element of the emulsion as
compared with another. Intensity measuremenis show that the diffra<ted
beam. even from an intensely refiecting crystal, will deliver but 2 sm=211
number of photons en to each square micron of the emulsion during normal
durations of exposure. Moreover, a fundamenial obstacle to increasing
this dose suificiently to reduce its relative vzriance to a low {raction is
not so much the long exposures that would be required but that the highest
photographic density at whkich density is still roughly proportional o dese
is itself precduced by absorption cf only a small number of photons per

square micron.

The effect of statistical fluctuations may be assessed by dividing

the image into equal, small area elements and then determining how smali

— p - » - - - e ——
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the elements may be made before a given difierence 1n density between
adjacent elements due to a true difference in mean intensiiy 1nudent upon
them is masked by the fluctuations i1n the number of photons absorbed wn
each of them during the exposure. A develcpment of this analysis
appropriate for X-ray topographs takes into account the fact that the area
elernents or cells into which the image is divided are rot obst rved just
as :ndependent, adjacent pairs during the course of recognition of a
nattern. This 1s particularly true when the aim cf the 1mage scrutiny is
to detect an except:onal feature 1n a field where the mean dose has varied
only slowly from poini to point. The two commonly occurring problems
of this type are. firstly. to detect with confidence a small spot where the
difiracted intensity received is greater than that in the surrounding area:
such a2 spot could represent the :mage of an inclus:on or precipitate in a
matrix of perfect crystal. The second commeoen problem deals with
lines: the recogmtion of a single line on a2 uniform background. or the

resolution of an array of lines. or of a stripe patiern. for example.

Consider iirst the problem of detecting 2 small spct. This
anaiysis could be extended to deterrmine the precision with which a given

diffierence in density between spot and surrounding area can be estimated.

Suppose the spot is = disc of diameter D. In the case of a smali
disc the best magnification to use for its detection 1s one not so large that

the eye canno: eastly integrate the intensily over the disc, while still

bty

being of course large enough icr the eve to re.olve comio-tably an object

g
the size of the disc. In the case of a large disc, the magnificatzon can be
reduced uniil the area over which the eve integrates corresponds io an

area ca the topograph image large enough to appear grainless to the eye.

Th

13

eye compares the average density of the disc with 2 surrounding arez
which. 1n the case of 2 small disc, may be much larger 1n arez than the
disc 1iseli. and, 1n the case of 2 large disc. can ceriainly be taker large
enough ic zppear grainiess. Conservalively. the area of the surrcunding
reierence dens:ty can be taken to be four times the area of the disc. Thas
would correspond to a surrounding annuius whose width between inner and

ouier radn was just greater than the radius of the disc. The photographic
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density may be assumed 10 be proportional to the number of photons
absorbed per unit area. Let these numbers be n and n{l + h) 1n annulus
and disc, respectively. Assume that the mean value of n is sufficiently
large for tne Poisson distribution of observed values of n to be reasonabily

approximated by a Gaussian distribution.

in the Gaussian distribution the probability of finding a value more
than 1- 65 times the standard deviation, 0, on one side of the mean is only
1 in 10. Set the conditien for confident detection of an excess density in
the disc compared with the annulus to be that n{l + h) -n is greater than
1.65 { o, ¢ o). where o, and o, are the siandard deviations of
deasity 1n disc and annulus. Now, with the magrification chosen so that

all photons absorbed in disc and annuius are included in the density

2 2
integra.cn, 1t follows that o"l' =n(1 + h)/(1/4=D" and &g = nl:DZ. Sub-
stitution for ¢, and 0O, in the detection cordition gives nZ=1.65X

1 1

{1 + 2{1 + h)?)/=2hD. Table 1.3.3Elists values of n, the number of
paotons absorbed per square micron, for various values ofi D and h, cal-
culated according to this expression. The lowes: value of h, representing
only 2 3% increase in density, is nearing the lower limit of densiry
difierences usually detected ir radiography. A doubling of intensity,
represented by h = 1, is easily achieved in the excess scattering from a

localizec strain field in 2 matrix of perfect crystal.

Now, under standard processing conditions, urnit density is reached
with MoKa radiation when r is about 3. A density of 2, or in extreme
cases apprcaching 3, may be allowed for the density of images of perfect
regions, bui then the density in imperfect regions is beyond the linear
density range. Thus the maximum value of n that can properly be recorded
with MoKe is about 8. In the case of CuKa radiation, unit density corresponds
to a value of n of about 10. hence n = 25 is a practical upper limii. In Table
1.3. 3E the combinations of disc size and density that car be confidently
detected only with CuKa and sofier radiations are indicated by enclosing
the relevant n value with single parenthesis. A double parenthesis sigrifies

confident detection also oy MoKa.
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Table 1. 3. 3.E

n, of phoions absorbed per square mcrogn in

surrounding ficld to ensure the confident dctection of a disc,

diameter D microns, in which the number of photons absorbed

per square micron is 100h%

D,pm

fme

tv

30

. -

nigher than n.

k=0-03 0.1
~10% ~10>
2x103 196
10> 92
88 ((3)
(19) {(0.9))

160
(25)
{12)

(1))

((0- 1))

These figures are in good accord with experience.

1-0

1)
()
(-4)
(CH)

(0. 01);

Clearly,

the situation with D = 2pum and h = 0. 3 1s 2 border-line case with CuXa,

and that with D = 10pm ané k = 0-1 is 2 border-line case with AloKa.

in the above calculation it has been assumed that the var:iance in

density arises ornly irom the variance in n.

to the variance in densiiy

grains produced for each zbsorbed photon.

op:iczl absorting and scaitering pewer

rom the variance in ¢

of each grain.

=
=
Ls

the mea2n number of

2nd from the variance in

or A\oKa and

AgKa, when g 15 greater than one, an appropriate ficrmala for the

cocfficient of variation of density D is

N

fuime

The situation is statistically similar 10 the case of the variation of

heigh: of a pulse after one siage of eleciron mmultiplicaiion in 2 phoio-

2|

If’

Q.

eicciion

or a Poisscen diszribution

2 . <
¢ is equaitog.

condizion used in Table 1. 3. 3. =should oifset efferis due 10

There w1ll be coniributions

:uiziplier when the mean secondary emission coefficient is equal ic g.

The rather conservaiive

Y
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varialion in g. In order to record hig};er values ot n. short development
times are used, but 1! is clearly desirable to avoid stopping development
before all sensitized grains are developed. in ithe (ase of the harder
radiaiions such incoemplete development would efic ctaively increase the
variation in g, and in the case of the softer radiations 1t maght involve

the loss of effective registration of some incident phoions.

Application of this type of analysis to the detection of lines or of
stripe paiterns follows a similar course to tnat jus: outiined. Perhaps
the simplest case to consider is the resoluiion of iwo clos¢. parzliei hines.
This problem occurs in practice since under ceriain diffiraction condiiions
the topograph image of a single dislocation appears as 2 double line.
Knowledge of whether or nct the line 1s double in 2 pariicular topograph
helps 1o determine 1ts Burgers vector. Often the cenirzl dip in the
intensity profile of the line is on the limits of resoluilon. Detecticn of the
dip 1s helped by scanning parallel tc the line and integrating ihe densiiy
over as long 2 length of the line as its straightness permiis. This lengta
:s not hkely 10 be less *ran 10 microns, and may be much ionger in
favouratle cases. It follows that a dip I micron wide with 30% iess than
peak 1ntensity should be detectable with CuKa, and 2 similer dip in

intensily two rmucrons wide with MoKe.

Cn tkhe topograph reproduced in Figure 2 there can be recognmised
the iniiuences of some of the factors discussed 1n the above paragraphs.
The specimen was a cleaved slice of lithium fluoride. etched to remove
surface damage, and its final thickness wac about 0.1 mm. MoKe; was
the rad:ation used. The reflection was 200. The Bragg planes are normal
to the specimen plate. and their trace lies parallel io the iong edge of the
field. The Figure :s a positive print. Thus the dislocation lines, which
produce an excess of diffracted intensity over thzt difiracied by the
perieci crystai matrix surrounding them, stand ou: as dark lines on 2
f2irly umform background. On the original topograph the cplical density
of the periect crystal' background is about unity. and «t ¢ cenires of
the dislocaiion images it is between 2 and 3. The feaiure of inlevest in

the field shown is the array of dislocations streiching irom the top leii
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to bottom right of the picture. These are part of a low-angle boundary
that has becn intersecied by the surfaces of the specimen plate Along
the top margin of the array the dislocations are ouicropping at the
specimen surface facing the nuclear emulsicn, the outcrop along the
bottom margin of the array is at the specimen suriace facing the X-ray
source. This distinction can be made from a study of the details of the
dislocation images. The structure of dislocation 1mages w1ll be discussed
later in this Report. It is sufiicient to point out here thai the relatively
large breadth and asymmetric tail of the images of the "random'’
dislocations remote from the low-angle boundary arises {rom the bzasic
diffraction precesses producing diifraction contrasi and not irom laxiiy of
control of instrumental faciors in the X-ray optics. When dislocations he
closely side-by-side, as in the low-angle boundary. the mutual cancellation
oi the:ir long-range strain fields causes their images to sharpen consider-
ably. Irndeed they shrink to the point where geometrical resoluiion,
photoeleciron track lengths, and statistical fluctuztions all play a pari in
determiming how ciosely-spaced an array can become yet still be clearly
resolved con the topographs. On the Figure the zpparent granularity of
the ‘uniferm® background can be noticed. and 1t would become obtrusive

if the magnification were substanti2lly increaseé¢. Thus a magnification
of X 200. 2s employed in this Figure,. is approaching the maximum useful
value. The “scaie’ of the granularity is roughly one micron, which
corresponds to the optical resolution iimit with which the iopograph was
phoiomicrographed, a numerical aperture of 9. 22 having been us=ed,

(see Tabie 1.3.2 In the array, dislocatiens spaced apart by $ microns
are zasily seen a2s individual lines. In places where the ratio of peak
density to background density is at ieast 2:1 a dip in deasily between two
dislocaticns spaced apart &y only 3 micrens can be adequately recognised.
and thus the dislocations be sadisfactorily individuaiiy resoived. This
periormance is in accora with the predictions of Table i.3. 3. Zand the
discussion foilowing ii. The topograph reproduced in Figure 2 was
selecied as a fair exampie of a case when, in the reg:on «f 1nisrest where
the dislocations are cicsely spacesi. the oplicai density i1s not far from the

optimmum vzlue, and the contributicns to the Iimitation of rescluntion from:

RS :W%mm“-‘, T T N I WP . © B




-35-

all sources, viz., geometrical, 'pure’' diffraction effects. photorlectron

ranges, and statistical fluctuations, are ail nicely balanced. It 1s not

3 s~ armfane Lo o2 o T o Toias o o B0 LI
possible to state a categorical vaiue Ior tae 'resuiulion 1imil’ on
topographs, since the performance in rescluticn is so dependsnt upon

the type of pattern present in the image, and the particular features of

it which it is desired to resolve. By now it will be realised. however.
that several factors work together to raise a sirong barrier ic obtainming
resoiution limits lower than 1 micron. This micron limit can be achieved
with careful technique using CuKa and softer radiations The range of

maximum useful magnifications follows accordingly: values are given in

Table 1. 3. 3.F. Figures in this Table are admittedly rough. bu: thvy do

LY

represent the fruit of experience.

Table 1.3.3F

Maximum useful magnifications and resolution limits oif X-ray

topographs tzken with various radiations.

Resolution limit, pm AMaximum useinl
magnificaiion
AgKa 2 150 - 200
MoKea i-2 200 - 300
CuKa 1 400 - 600
CoKa. CrKe 1 600 - 800
— e TS S Sy~ T P e
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2. STUDIES OF MATERIALS

2.1. Natural Diamond.

te

aremm n ol Y aa R I poe o
.1. Types Oi iaitice imperi

-

In many respects diamond is a most suitable crystal for X-ray
topographic studies. Its low X-ray absorption permits specimens up to
several millimetres thick to be easily penetrated by MoKa and AgKa
radiations, and enables X-ray topographs of large crystals to be taken
satisfying the condition pt ~ 1 {j2 is the linear absorption coefilcient.

t the specimen thickress). When this condition :s sauisiied the inter-
pretation of topographic images is much simpler than in the high-
absorption case, 1n particzlar, it is easy to obtain information about the
spatial distribution of imperfectiorns in the specimen when the absorpiion
1s low. Also. diamond crystais are mechanically strong and chemically
stable. They are easy to mounrt for either X-ray or opiical examination
without risk of elastic or plastic deformation cf the specimen as a whole.
or of localized damage to :is surfaces through abrasion or chemical
attack. Much more impcriant than these practicai considerations.
however, is the fact that diamond is one of the most intensively siudied
crystals of 2 single chemical element. Many years oi research on :ts
mosaic siructure, el:zctron density distribution, optical properties

(1n ulira-zxiolet, visidle and infra-red regions), electron spin resonance,
cleavage, hardness, suriface topography and counting properii=s have
raised more guestions than have been convincingly answered. and have
repeatedly revealed a2 dependence of these properties upon the crystal
texture, i.e. upon the state of crystal perfection. Such 2 s:ituation
indicates that X-ray topography should be a close adjunc:. if not a
principal method of examination, in any realistic and criiical investigauion
on the texiure-sensitive properties ¢f diamond. There has been no
abatemen: of interest in diamoand in recent years; and in two new lines of
work :n particular. radiation demage and laborzatory-produced plasiic
deformation. ii is to be hoped that X-ray topography will play an important
roie. Both old-establishe o»>roblems concerned with the growth and
morphology of natuaral diamond. 2nd newly arisen questions concerning

imperfections in man-made cdiamonds, have received illuminauien from
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X -ray topographic studies., The wide scope of present day research on

the physical properties of diamond is indicated by a recent review volume
(Berman 1965). This contains a chapter on X-ray topography by Frank
and Lang (1965) dealing especially with applications to studies of diamonds.

The accepted classification of diamonds is into the common Type I,
which are more or less absorbing in the ultra-violet below the visible
region, and the rarer Type II which transmit down to about 2,200 A. Itis
not possible to say from inspection of an X-ray topograph whether the
specimen is Type ! or Type II, but associations between certain forms of
lattice imperfection and the optical type have been demonstrated. It has
certainly been shown that the hitherto prevalent notion that Type I1 diamond
has a lower lattice perfection than Type I is an unjuatiﬁablc generalization:
this conclusion was a by-product of the investigation described in Section
2.1.5. It has also been amply demonstrated that great variations of
density of lattice imperfections from point-t.o-point within a given crystal
can be accompanied by correspondingly large variations in optical
properties. This finding alone would justify the routine X-ray topographic
survey of crystals intended for use as specimens in optical, electrical and

other studies.

Lattice imperfections which can be individually resolved on X-ray
topographs of diamond can be broadly divided into inclusions and precip-
itates, dislocations and lamellar imperfections. These three classes of
imperfection of course also occur in other crystals, and examples of them
will be described in the following sections; but their manifestations in the
case of diamond, so it has been found, often take characteristic forms
which are of direct relevance to problems peculiar to this crystal. In-
clusions, which are bodies accidentally incorporated during growth, may
or may not be visible optically. They may or may not produce detectable
strain in the diamond matrix surrounding them (the strain being detected
either by' optical birefringence or, more sensitively, by X-ray diffraction
contrast). They may or may not introduce dislocations by lattice closure
errors in the matrix enveloping themn. However, generation of dislocations
by inclusions 1s very common. Indeed, the very great majority of dis-

locations 1n diamond originate on inclusions. A frequent occurrence is a
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radiating pattern of dislocations, the radiant point being roughly at the

ey

center of the stone and doubtless coinciding with the nucleus thich

rom
the crystal grew. Even in cases when 2 central mote cannot be clearly
seen at the radiant such a configuration strongly suggesis heterogeneous
nucleation of the crystal. When, on the other hend, a distribution of
localised strair concentrations is seen frorn which no disloczations run out
1n the direction of growth towards a crystal face, then it is Itkely that these
strain centers are due to precipitates which have formed afier growth.

This interpretation 1s reinforced when, as is often the case, some of these
stra:n concentrations are seen strung along dislocations which radiate

from the center of the crystal. A remarkable example of precipitation,

inciuding the decoration of dislocaticns by precipitates, is described in

Section 2.1. 4.

The lamellar defects usually take the form of sheets of enhanced
diffracting power, and they are interpreted as marking layers of abnormal
interplanar spac:ng due to iocal concentrations of impurity. Such sheets
frequently cleariy lie on what were once the growing faces of the crystal.
When, as 1s oiien the case, much of the cryvstal volume is occupied by a
sequence of these sheets, they provide a direct 'stratigraphic record' of
the growth history of the crystal. A study of this stratigraphy reveals
thai many diamcends have had a complex history of growih. solution, and
regrowth. Possibiy the rounded forms outlined by layers of enhanced
difiracting power which are sometimes observed may indicate both solution
sariaces and fronts marking the limits of inward diifusion of some impurity.
Rather rarely do lamellar defects on a growth horizon contain a resolvable
raft of dislocations. On the other hand, dislocations nucleated at such a
horizon and subsequently grown in tec the crystal along directions roughly

normal to the advancing growth front are quite often observed.

The composition surfaces of twins in diamond oiften contain lattice
imperfections producing long-range strain. Other types of fault surface have

been recognised. and appear to be stacking fauits (see Section 2.1.8.)

Whether or not defects such as precipitates er dislocations mzy be

resolved 1ndividually in a2 particular region of specimen, a statisiical
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measure of the departure from the ideally perfect state can still be
obtained from the intensity of the integrated reflection or from the
visibility of Pendell'c;sung fringes (see Sections 3 and 4). Type I diamonds.
upon which most topographic work has been done, are known to centain a
large density of impurity platelets up to about 1,000 A in diameter (their
distribution and structure are discussed in Sections 2.1.5 and 2.1.6).

Yet these diamonds often behave as highly perfect crystals. Type II
diamonds, on the other hand, which are free of platelets, can exhibit

some strange and extreme forms of lattice distortion. A brief repor: of

the latter is given in Section 2.1.9.

The natural surfaces of diamond are covered by scratches and ring
cracks which produce intense diifraction contrast. Artificially cut and
polished surfaces can be deliberately damaged by indentation or abrasion.
It is found that surface damage can be revealed more sensitively by X-ray
topograpny than by optical methods, and such X-ray studies (described in

Section 2.1i.11) can throw light on the mechanism of wear of diamonds.

2.1.2. Dislocations and trigons.

This work represents a good example of a study in which features
of the surface topography of a crystal, which can be studied by optical
microscopy. have been correlated with internal lattice defects made
visible by non-destructive X-ray examination. The surface features in
question are called trigons, depressions bounded by equiangular triangles,
which are found on the natural octahedral faces of the majority of diamonds.
A characteristic of natural trigons is that their orientaiion is opposite to
that of the face upon which they appear: consequently their vertices point
away from the corners of the crystal face on which they lie. Several
different trigon types exist: a description of their morphology, anc a
classification of them, are given in R7 {Lang 1964a). The most imporiant
division of types of trigons is between those that are flat-bottomed and
those that are pyramidal. The latter were proved to coincide with dis-
location ouicrops. On the other hand, no special association of flat-
bottomed irigons with dislocations was found. As this investigation of

trigons 1s fully described in R7, only a few points need be mentioned here.
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The work provides very strong support for the explanation of pyramidal
trigons as being etch-pits produced by some process in Nature.
Observations made since the paper R7 was written have done nothing bu:
confirm the conclusions drawn in that paper. Buried trigons are sometimes
observed: these are taken as evidence of an eiching epoch in the growth
history of a diamond. The detailed study of the associaticn of pyramidal
trigons with dislocation outcrops and the attempts to find the Burgers
vectors of these dislccations were made very difficult by the low visibility
of the dislocation images and the obscuring effects of surfcre damage. A
case exists for repeating some of the work on diamonds from which

surface damage has been at least in part removed by etching, such eiching
having proceeded not too deeply o as to make unclear the iocatien of
natural pyramidal trigons. It might then be possibie to establish con-
clusively whether there is a dependence of the slope of the sides of
pyramidal trigons upon the orientation of Burgers vector of the dislocation
associated with them. This dependence was not proved in the work reported
in R7. The geometrical perfection of natural trigons shows that the etching
process active in Nature had a remarkable specificity and efficiency as a2
dislocation etch. It would be desirable to be able to reproduce the process
in the laboratory, and an esseatial part of such a siudy vrould be a com-
parison of etch-pit distributions with X-ray topographs. The surface usad
for such work could either be a polished one, or a natural face contaizing
dislocation outcrops that kad not been already naturally etched to produce
trigons. Diamonds with apparently un-etched faces have beerz' encountered

in the course of the studies here reported.

2.1.3. Low-relief surface features.

Optical microscopic studies of the surfac s of numerous diamonds
harndled in the course of X-ray topographic investigations have provided
much evidence that the surfaces of the great majority of diamonds have
been subjected to processes of dissolution. In such cases ail traces cf
the final growth stages have been obliterated. The rare examples
encountered of crystals which do not show solution features are of special
intercst since there is the possibility then that the present suriace may be

the firal growth surface of the specimen. Two such specimens have been
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extensively studied. One had surfaces unusually flat and featureless but
contained a number of stacking-fault defects in a layer down to about

© 70 microns below the present surface; these defects will be discussed in
Section 2.1.8. The other stone had on one face four pyramidal, terraced
hillocks of very low relief. It was also a trigon-free, but not dislocation-
free specimen. The configuration and state of bunching of the terraces
strongly suggested that they represented steps advancing from the
pyramid centers and not receding to them, and hence that they were
growth steps rather than etch steps. This specimen has been illustrated
and discussed in Frank and Lang (1965). Since that description was
written further careful X-ray topographic studies have been made to
verify that the pyramid apices do not coincide with outcrops of dislocations
originating deep within the crystal, These studies also aho’wed. that the
diamond had a somewhat imperfect 'skin’, perh?ps a' few microns thick,
which diffracted more inter.sely than the bulk 61‘ the érystal. Step width
and height measurements made by phase-coritrast microscope indicated
that the thickness of the fine-stepped pyramidal layer was only about 2
microns. It thus appears most likely that the final stages of growth have
been preserved on this crystal, but that the material deposited in this

stage was not as perfect as the bulk of the crystal,

The pha-=-contrast microscopy was performed without silvering
the surface of the stone, yet by careful adjustment of the optica and the use
of the highest photographic contrast, steps of height less than 10 Angstroms
were revealed. This height estimate was made by comparing the visibility
of fine steps and coarse steps on the same face, and between the latter
coarse steps and steps of roughly known height inside trigons on another
stone. In the regions where the steps were closely spaced, their average
width was about 10 microns. This figure, taken in conjuction with an
average step height of 10 A, gives a pyramid slope of about 1 in 104. This
slope remained constant up to 2 mm from the apex of one of the pyramids.
Two of the pyramid apices were located at a crystal edge, a likely place

for a growth-promoting contact with another solid to occur.
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- 1.4. Precipitates and deccrated dislocations.

As pointed out in Section 2. 1.1, the relationship between the dis-
location configuration and the distribution of strain-producing centers
usualiy shows whether the latter are inclusions. i.e. foreign particles

accicentally incorporated into the growing diamond, or precipitaies
which have formecd in the interior of the crysial behind the growth front.
One case of precipitation attracted attention because the precipitates were,
in the aggregate. visible optically, producing a cloudy region about 3 mm
H

in diameter within an otherwise good quality stone about 5 mm in diameter.

The work on this diamond 15 described in R4 {Shah and Lang 1963). It was

found that dislocauion-iine segments iyang within the zcne of precipitation
were stror iy decorated by precipilates, but were not detectably decorated

cuiside th:s zone. A remzarkable fezture of the disiributicn of the pre-

ipitates was their extension in finger-iike regions radiating in< 110>

1y

directions irom the cenier of the crystzl. A speculation was put forward

f1

(TN

ket such 2 distributios might arise 1ts early stages the diamondé had
g ¥ g

grown as a cubv-octanedron.

A *spike’ reflection and ultra-violet

(1L}

. 3. X-ray Bragg reflection

absgarntion topogrssay.

Rather more than 25 years ago the study of diffuse X-ray reflections
from crysials began 1D receive serious aitenticn. in the earliest work a
clear differentiaiion was 1ot aiways made between cases when a dist-
ribulion of refiecting rower awayv {rom Iattice points in reciprocal space
arose from some static disorder of the crystal lattice or was dae to
scaitering by acoustic waves in the Ilattice. This uncertainty applied for a
time 10 the comparatively strong extensions of refleciing power in { 100>

directicns 2bout certain reciprocal lattice poinis of diamond which were
discoversd by Raman and Nilakantan ins 1940. Lonsdale and colleagues
showed in the following years that these € 160> ‘'spike’ refleciions were
not thermal diffuse reflections, but that they were ‘'texture-sensiiive'
={fecis. varying from diamornd to diamond. It was not uniil 1956 that a
reasonable explanalion of the observed diffraction efiecis was proposed,

by Frank (1935), whc drew upon the close resemblance af these eifecis to

itose produced by the precipitates (krnown as Gu:nier-Preston zo::es)which
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develop in age-hardening alloys such as A€ + 4%Ca. Frank showed that
precipitate plateiets or cube planes, satisfying certain conditions with
respect tc the laitice displacement they produced normatl to these planes.

could account {or the ‘spikes'. The difficuity presented Ty Frank's

theory, that no suitzbie impurity element was krown to be present

free

n

sufficient quantity to produce precipitaies generating 'spikes’ of the

intensity chserved, was removed by Kziser and Bongd’s diccovery i 12

)

9
that nitrogen was present 2s a major impurity in the common Type §

diamonds. ¥Xaise™ and Bond fcund, mereover, thai th
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proporiionality belwsss nitrogen content and the sirength of the chief
characteristic ulirz-violet and infra-red zbsorptions of Typz I diamo
Now the early s:tudies of diamond *spike' reflections had found tha: Type 11
éiamonds (which are substantially mirogen-ree) did not show ‘spikes®

bur at the time the work reporied here was beagun it weés nos Kaown wi

-5'

&

there was any regular dependence betiveesn *spike’ intensiiy and sirengik

of the Type i absorption. Te investigaie this dependence %25 a major aim

¢

£ the present work, and the ecsantial nced (0 make the investigation puint

by -peoint in diamond crysials, i.e. by topographic methods, wzs soon
demonsirated by the display of greai non-unifermity, in some specimens,

of both optical absorption and spike-raflzcting power, as well as of the
ttice imperfection content revezaled by standard X-ray lopographic tech-
nigues. The special optical and X-ray techniques reguired for this work,

the experimental resuiis obtained, arnd the conclusions drawr from them,

have besen fuily reported [Takagi ard Lang 1$6%, R9) and only 2 few comments
nesd be added here. While Takag: znd Lang's investigation was in progress

Evans and Phaal {1962) succeeded in t2king transmission electron micro-
graphs of Type I diamonds whick revealed the presence of precipilaie
plateleis lyiag on cube planes. This coniirmed Frank's hypothesis more
directiy than couird be done by X-ray iopography, but it couid not prove
that the plazelets contained nitrogen. However, taking the work of Evans
and Phaal in conjunction with Takagi and Lang's finding that spike-
reflecting power and ulira-violet absorpiion are assccizated with earh other,
point-by-poini. and applying Kaiser and Bonrd's relationship betwcen

nitrogen ccnceniraiion and ulira-violet absorption, it appears exiremely

-




likely that, in regions where the platelets are the major lattice imper-
fection present, the great bulk of the nitrogen resides in the platelets.
The X-ray iopograpas underiine the imporiance of considering the
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and state of aggregation of the nitrogen: in ail regions where hagh ultra-
viclet absorption and high spike intensity were mcasured the local

censity of dislocations was negligible. Cn the octher hand, some iocal

by

regions of highly periect crystal were found that were aiss 35 ultra-
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previously accepled helief that the Type il cpiical char
Ty poor lattice perfeclicn was shown 15 be 100 broad 2

here remains much scope for further investigation of
the laitice perfection of dislocation-free regions of diamond as a fupction

H

i Tekagi and Lang’s

Q

of platelet concentration. Amosng cther results
work were the finding that where pilatelet precipitation was presert it had
with egual density oo 21! cube pianes and bore no relatien to the
iocal growih direction. Alss. Doundaries beiween regions of high and
iow ultra-viglet abzorption could be extremely sharp. These boundaries
were always associaled with growth stratifications revealed by normal
X-ray :cpographs. Thus it appears that variations in platelet concen-
tration correspond to variations in concentraticn of grown-in impurity,
and no detectable diffusiorn of impurity between crystal growth and the

precipitaticn cf the impurity has occurred.

2.1.6. The structure ci nitrogen platelets in diamond.

Scme years age Eliiott (1960) proposed a structure for the nitrogen
impurity platelets precipitated in Type I diamond. This model was
accepted until Lang (1964 b, R11) pointed out not ornly that Elliott had
based kis model upon the expansion due to the plateiet being equal to 1/i2
of the edge of the diamond face-centered cell, instead of 1/3 of the edge
as the 'spike’ diffraction 2ata suggested as being the likely minimum
value, but aiso that the bonding configuration in his model would probably

not produce any expansioan at all.

The alternative structure proposed by Lang {1964b, Ri1) contains
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a double layer of nitrogen atoms replacing a single carben layer

parallel to a cube plane. It is nct easy to prove that this model is
correct since its atomic structure within a diamond cannot be resolved
directly, and it cannot exist separately from the diamond matrix. The
best that can Ye done is to check that it does not conilict with observations,
such observations being made on as wide a variety of properties as
possible. The model is structurally plausible, and no better one has vet
been suggested. Txperimental data which may be used to test the model
can be drawn irom the following fieids, {2) X-rav 'spike’ reflections,
including low-angle scaitering, (&) electron microscope diffraciios con-
tras? of platelet images, (c) lattice parameter measurements, {d) density
measurements, and {e) optical measurements. Some aspects of these

will now be discussed briefiy.

Agreement with (a) formed the starting-peint for building the
plaielet model, though the wide range of dispiacement possibilities
compatible with the 'spike’ evidence should be borne in mind as ! us teen

discussed ty rauh {(Proc Phys.Soc.Load 84 i9¢4 7i-, 2ad Lang (1964b).

Small-angle scattering close to the direct beam can be regarded
as 2 special case of *spike’ reflection. that about the zero order refiacticsa.
No small-angle scattering by platelets has been detected, despite a
diligent search. This is in accord with Lang's modei in which the platele:

cell has the same eiectron density as a normal cell.

in {b), the electron microscope diffraction contrast study, there
appears, superiicially, to be scme difficulty. The measurements of
displacements of the diamond lattice on either side of platelets made by
James anc Evans (1965), using the method of Ashby and Brown (1963),
gave values ranging from 0-15 to 1-2 A, whereas Lang’s model requires
a displaccment in units of not less than 1-2 A. There are, however, a
nuniber of factors that could have introduced error into James and Evans?
results. Most of them aci in such 2 way as would make their derived
values of displacement less than the true value, quite possibiy by « facter
of two or mere. Thus the range of values they obtained couid well be

interpreied as being a spread, due 0 experimenial uncertzinties, about a
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modai value which, due to systematic error, 1s about half the true value.
In Ashby and Brown's experiments the specimens were several
extinction distances thick and fairly highly absorbing. Iz James and
Evans®' experiments the diamonds were only one or :wo extinction
distances thick and were quite lightly abscrbing. This difference made
it more critical in the latters' experimsrts thai the specimen should be

set exactly at the Bragg 2ngle: deviation {rsm this condition would lead to

W

aprarently <rralier displacements than the true ones. Also, th
diffraction theory applied assumed that the divergence of the incident
electron beam on the sgecimen was small compared with the angular
range of Bragg refiection by ine specimen. This condition was not ful-
f1ilzd in the case of the diamond <88 reflection with which James aand
Evans obiained mgos: of their resuits; and again error leading to a

dispiacement value smaller than the true one wo uld thereby arise.

cause ise lattice parameter derived irom 3 given interplanar spacing to

vary sysicmatically as a function of the indices of reflection. This

7y

prediction {Lang 19¢4b} has sericus impliratiens in accurate lattice

parametier measurements on diamond. It awails experimental test.

Introduction into diamond of nitrogen piateiets having the structure
here propossed will not change its density. Kaiser and Bond in fact found
no change in density with increasing niirogen conceniration. More
~ecently other workers have reported precise censity measuremenis on a

variety of diarmonds and have found 2 very smalil spread of density values.

Regarding the optical properties of this nii.rcgen platelet model,
little positive can yvel be szid in support or against it. Co=nventioral
czlculations of infra-red zbsorption preperties have been concerned only
with the behaviour of individual impaurity atoms. There is ¢ strong nced
for a theoreiical investigatior of the Lehaviovr of a sneet of impurity
atoms, 2ggregated in a siructure sach as that proposed ior the nitregen
plateilct. A similar situaztion arises in the ultra-violet. Iz is reasonuble

1o suppose it nitrogen atoms precipitated :n piates rauging up to several
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tenths of a wavelength in diameter will behave differently optically than if

they were distributed at random in the matrix.

From what has been said above it is clear that much work still
eds to be done before fuil confidence in describing the state of
aggregation of nitrogen impurity in diamond will be achieved. However,

the structure here proposed stands a good chance of survival.

2.1.7. Coated diamonds.

Coated diamonds are of importance both scientifically and
commercially. The commercial importance stems from the fact that they
are cf wide occurrence and indeed represent a high proportion of the output

rom some mining areas. The material of the ceoat, though mainly
diamond, is filiad with fine dust-like particles of 2 micron or less in size.
and it is fairly translucent, but not transparent. It effectively screens
the core from visual inspection. The core material is usually white
diamond of good guality, though frequently badly cracked. The cracks may
contain a f{ilm of coat material. The fracticn of the totzl volume occupies
by good quality core, and the distribution cf cracks within the core, are
characteristics of a store tliat can ezsily be discovered by X-ray topo-
graphic examination. Such examiration might well be worthwhile as 2
routine commercial operation, to find which czated stones contain a core
which it weculd be profitable to separzte from its coat. However. the
intention of the investigation here reported (Kamiya and Lang 1965a, R12)
was more to study the fundamental properties of the coat, its lattice
imperfections and impurity content, than just to demons*rate the ability of
X-rayv topography io identify coat and core material. Since voated stones
are common. an understanding of the process of their growth is of
imporiance in coaneciion with the studv of diamond genes:s as a2 wkole.
The present work showed tha? the growth mode in diamond coat had much
in common with that which car be induced in various crystals Sy causing
them tc grow in the presence of a colloidal dispersior of foreign materiai.
Such dispersions (in the solution, or in the meit) can cause spherulitic

growth. Diamond coai can be regarded as an early stage in spheruiitic

growth. The transition from normal growth to the fibrous growth of the
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coat usually occurs quite sharply, at any rate locally. The transition may

occur at a core surface showing evidence of solution, irdicating that the

Much interest attaches to identification of the impurity material in
the coat. Optical spectroscopic metheds have failed to do this. Kamiya
and Lang (19652a) applied high-resolution X-ray absorption topography,
taking advantage of the fact that local high concentrations of impurity
occur ir bands in the coat. By comparing the X-ray absorptiocn of various
wavelengths, an i1dea of the atomic number of the impurity can be obtained,
and certain elements can be definitely ident1fied and assayed. One such
element is iron, whose presence can be sensitively detected by comparing
the difierence 1n absorption of CoKa and CoKp radiations. In the present
work it was found that iron was nct a major iinpurity is the coat. The
experiments showed that the major impurity elements respersitle for the
absorpiicn were either quite Iaght, with atomic numbers up to ancé
including titanium (elements such as magnesium, aluminum, silicon,
potassium znd calcium, probabiy in combination with ecach other and with
cxygen}, or were elements relatively heavy, with atomic numbers greater
than the first transition series. Maximurn local impurity concentration
estimates were about 0- 7% Mg? or SiC), or a few tenths of 1H oi a
heavier eiement such 2s zirconium. In the presence of such non-ferrous
abscorbers, the upper limit of the conceniration of iren was reckoned o be

0- 03%.

Quite re<ently an account of an eleciron micro-probe X-ray spectro-
g-aphic examination of a cozted diamond has been published (Seal 1918).
This {found ir<lusions in the coat conta:ning silicon 2nd oxygen. One
iz<lusion contained potassium and calcium. No iron was r2ported. These
findings provide good confirmaiion of Kamiya and Lang's interpretation of

their X-ray absorpton data.
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2.1.8. Planar growth defects in diamond,

In Secrion 2.1.1. it was mentioned that lamellar defects are of
frequent occurrence in diamond. Usually these take the form of fairly
extensive sheets of extra diffracting power lying parallel to what was
once a growth surface of the diamond. Sometimes they can be traced
right round the diamond, forming a complete shell. Sometimes they
occur only as the trace of one face, or as the incomplete trace of one
face. This localisation may arise from their being the relict of a once
continuous shell, most of which had been removed during an epoch of
solution in the diamond's history, or from their having been formed only
on a particular area of the growing face where there was a local concen-
tration of impurity, growth having occurred under conditions not permitting
this impurity to be diffused or carried uniformly arouud the whole growing
surface. Localisations of both types have been observed. In this Section
there will be described a quite different type of lécalised defect, one which
is more strictly crystallographically oriented, lying parallel to a {lll}
plane, such plane being inclined at 70-;‘o to the local octahedral growth
surface. This defect behaves as a2 fault surface with a well-defined fault
vector, in every way similar to a stacking fault, These stacking-fault
type defects are probably quite rare. They have only been observed in one
stone which otherwise was of exceptionally high lattice perfection. Apart
from one completely grown-in defect which took the form of a regular
tetrahedron about 115 microns in edge length, all the plane defects (about
10 in number) outcropped at the surface of the crystal. Some took the form
of equiangular triangular sheets with one edge lying in the crystal surface.
Others were trihedra composed of three triangular sheets on the three
{111} -type planes inclined to the crystal surface. The latter formed an
open pyramid cutting the crystal surface in an equilateral triangle, with the
pyrarnid apex about 30 microns below the crystal surface. The resemblance
of these features to the defects observed by electron microscopy in
epitaxially grown layers of silicon on silicon (e.g. Booker 1964) is extremely
close, even to the occurrence of single triangles and of trihedra, but not of
dihedra. The nature of the defects is doubtless the same in both cases: a

stacking fault is nucleated at the crystal growth surface when a small
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triangular island of wrongly stacked material is laid down, and then, as
the crystal continues growth, it propagates outwards aloag {111} planes
inclined to the growth surface. An account of the work done on these
defects has been published (Lawn, Kamiya >*nd Lang, 1965. R17}. The
interest of this work is twofold. Firstly, the fault surfaces which outcrop
at the crystal surface are probably in material which was crystallised
during the {inal stages of growth of the crystal. They are thus of sig-
nificance in providing evidence of conditions at the conclusion of growth.
Optical exami tion of the faces of the stone did not reveal any etch
features. Dis..- ition outcrops were not accompanied by trigons. 1itis
likely that this diamond had not been etched, or if so, only very lightly.

Such diamonds are rare.

Secondly. the analysis of the diffraction contrast from the planar
defects, which required topographic experiments of the highest refinement
obtainable, applied diffraction theory to derive 2s much information as
possible concerning the nature of the defects. A development 0i dynamical
diffraction theory was worked out in order to explain the diffraction effects
produced by the interior tetrahedral defect. This involved the explanation
of types of diifraction immage of which no counterpart would be observable
in electron microscopy. Agreement between theory and experiment was
very good. In the case of the single triangular fault surfaces it was found
possible, despite their small size, *~ resolve and study separately both
the 'area contrast' they produce’ in certain reflections and the 'line
coatrast' from their bourding partial dislocations that appeared ir other

reflections. They were found to bte bounded by Frank sessile dislocations.

2.1.9. Imperiections in Type II diamonds.

Type 11 diamonds have a bad reputation as regards lattice perfection.
On the other hand, the work described in Section 2.1.5. showed that Type 1I
optical characteristics are not necessarily linked with a mosaic siructure.
There do exist, however, certain curious types of mosaic structure among
Type II diamonds whicha involve considerable lattice mi. orientations. It is
likely that the presence of some crystals of this sort among the small
fraction classified as Type il out of the total population of diamonds has had
the effect of lowering the reputation of this class as a whole. Little
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quantitative work has been done on the characterisation of the mosaic
structures exhibited by Type II diamond, either by high-resolution
topography or by any other method. The observations recorded here
involved only a few samples, and the conclusions drawn are only

tentative.

The range of misorientations involved is quite large, up to
several tenths of a degree in some cases. The linear scale of the
misoriented regions is small, down to the limits of X-ray topographic
resolution. Hence these diamonds can approach the complefcly imperfect
mosaic crystal in character and have a correapbndingly high integrated

reflecting power,

It appears possible to divide these monaic::iiamonds broadiy into
two classes, (a) those which exhibit a strong and characteristic
biréfringence pattern and (b), those which exhibit little birefringence.
Class (a) are readily detected as a consequence of their birefringence,
whereas the high degree of lattice misorientation in class (b) would not be
suspected before X-ray examination, The characteristic birefringence of
class (a) has been studied by Ramachandran (1946), and by Freeman and
van der Velden (1952). The Indian workers refer to it as a 'geometric’ or
'laminar' birefringence pattern: a good descriptive ter m for this bire-
fringence pattern is 'tatami', after the Japanese rice-straw mat. Tatami
patterns resembl; closely the stress birefringence patterns in deformed
transparent crystals such as the halides (in silver chloride, for example,
as described by Nye(1949)). In one tatami diamond examined in the
present work the pattern showed laminations with traces parallel to the
octahedral planes, but with one set of laminations dominant. The pattern
was similar to that given by plastically deformed crystals with intersecting
slip systems, one such system bein‘g dominant. X-ray topographs enable
the actual misorientations to be mapped, though this is a somewhat tedious
operation. The topographs show quite sharp lattice curvatures to be present.
In class (b) the crystal appears broken up into cells. The distribution of
orientations of the cells has not yet been analysed. The relationship between
misorientation and position in the specimen does not obviously resemble

that exhibited by the tatami diamond, class (a). In class (b) sharp lattice
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curvatures ranging over distances of several microns do not seem (0 be
present. The tentative explanation of the mosaic structures of classes
(2) and (b) 1s that diamonds of class (a) have undergone plastic deformation,

and that class (b) are annealed and polygomsed class (a}) diamonds.

2.1.10. Radiation damage in diamond.

Because so much study has been concentrated on various physical
properties of diamond over the years, and so much data have been
accumulated (thcough not necessarily fully explained and understood)}, there
1s a good case for investigating the effects of irradiation on diamond, both
to discover what new properiies are exhibited by i1rradiated diamond &nd to
irace how the behaviour of undamaged diamond is modified by a2 progressive
increase in :adlation damage. Such an investigation includes the deter-
miration of to what extent the original state maay be recovered after annealing.
Much of the work done to date on rad:ation-damaged diamond has been <on-
cerned with the changes in optical absorpticn in the visible and infra-red
regions. and in the electron spin resonance spectrum. Afost of the
exreriments have teen perfermed on Type 1i diamonds because these are
purer than Type I diamonds. Strong Type I diamonds contain more than

1 X 1020

atoms oi niirogen per cc. As far as is known. the concentration

of other impurity elements 1n gem-quality diamoads does not generally
exceed about 1018 atoms per cc. Since, however, the majority of the
nitrogen atoms in Type | diamonds are segregated 1n platelets (see Sections
2.1.5. and 2.1.6) the diamond matrix in Type I s.ones may well have on
average no more impurity dispersed on an a:iomic scaie thar Type II.

Hence there may be no great difference beiween Type I and Type II stones

as far as the reactions in the bulk of the crystal between the radiation, the
diamond siruciure and the impurities are concerned. (It would be desirable
to investigate whether in fact there is a diifer2nce between Type I and Type II
diamonds as regards the density changes occurring upon irradiation, and the
degree of recovery of original density after annealing.) Optical and electron
spin resonance studies may indeed be simplified by using Type Ii stones,

but it should be borne in mind that gem-qualiiy Type 11 diamond is apparently

prone to severe lattice distortions and misorientations not exhibited by

Type | stones assessed visually to be of 2s good a quality {see Section 2.1.9%.).




E
E
<3
o
&
&
%
.
=
r
T

T

L)

va noaavuira s LA UKL UM LGETA LU AL M
cotar a8 Bl f

—FF "7

~53-
It is regrettable tiiat the Type Il diamonds whose Lehaviour ailer

irradiation has been reported in the literature were not examined X-ray

topographically so that their lattice imperiections could be recorded.

The diffraction phenomena exhibited by radiation-damaged
crystals dep=nd upon ihe range of the damaging radiation, and whether
the whole specimen has been irradiated or only 2 geometrically well-

defined part of it {deiined, for example. by an aperture in a2 radiation

shield). If the range of the damaging radiat:con 1s less than the specimen

thickness. or :1{ part of the specimen 1s shielded {rom the radiation,

there will be gradients of radiation damage. Since the mosi comrmon

macroscopic manifestzation of radiation damage is a dilation. ii follows
that a single crysizl which contains a2 gradien: of radiatzon damage will

also contain 2 sirain gradient. Strong difiraction conirasi can be

produced locally where the strain gradient exists. Even if the whole

specimen receives a uniform dose of damaging radiation, sirain gradients

may be produced near the suriaces if decomposition vroducts can diffuse

towards the suriaces and escape. The efiecis of radiation damage in

diamond should be less compiicated than in some mazienals. such as

halides. The crysial struciure of diamond is simple. 1t cunsisis of the

single element carbon which does not retain radioactivity after irradiation.

Iis cross-section for both high energy and thermai neuiroas i1s small so

that large specimens may recelve a very uniiorm dose of such radiations.
It 1s not to De expecied, in the case of dimond. that the atomic rearrange-
menis occurring during damage or during recovery irom damage should be
influenced by the prox:mity of surfaces. but no proper iesti for strain-

gradients at surfaces of irradiated diamond has yei been performed by

X-ray topography. On an atomic scale, the processes oi radiation damage

by fast neuirons in diamond musi ceriainly be compilex: the carbon aioms

<as : - ere - .
recoiling under 1mpact by such neutrons may have energies up to iC

eleciron volts This energy is dissipated in many steps, involving

difierent processes

A notable {eature of neuiroa irradiaied diamond ic the large decrease

é
in densily 11 can suifer withoui exhibiting any marked deier:orai:on of the
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sharpness of its X-ray diffraction spots as seen in Laue or rotation

paiierns. Such density decreases may be up to about 4%, corresponding

{0 a linear expansion of over 1%.

This resilience of the diamond structure to radiation damage by
neutrons has not only been confirmed by X-ray topographic studies but
has been shown to include th': maintcrc:.« - of a high degree of long-range

order in the crystzl l_ttice.

Studies have been made of natural ocitahedral diamonds, of edge
length about 23 mm, which had been irradiated in the Pluto reactor of the
Atomic Energy Research Esiablishment, Harwell. This work was done
in collaboration with Dr. E_A{. Wilks of the Clarendon Laboratory, Oxford.
The fast neutrons had £nergies up to 10 Mev and the temperature of the
specimens during irradiation was adbout 35°C. Two specimens which were
examined in detail had rsceived, respectively 2 X 1019 fas: nvt, and
1-2 X 1018 fast plus 1 X 107 slow nvi. The density decrease of the
former specimen was more than 1%. Topographs of both specimens
showed diffraction contrast due to (a) surface damage, (b) dislocations
radiating from the center of the crystal ard (c) skeet-like layers of imper-
fection. Although considerable lattice imperfection was present, no special
difiraction feature was exhipited that ccu.d be definitely assigned to
radiation damage. It was remarkable how strong the diffraction contrast
of individual dislocailons remained. This showed that coherence between
the incident and Bragg reflected X-rays was maintained over at least some
tens of microns. Thus, on the scale of a micron and above, the lattice
expansion that had occurred had been extremely homogeneous and isotropic,
so that the long-range order of the iattice had been little disturbed. There
was some indication, however, that stresses at localised surface damage

had teen partially relieved.

2.1.11. Abrasion of diamond.

Diamond is the hardest known natural crystal. Upon its great
hardness ard its resistance to abrasion rest its value in industry as a
cutting tool and as 2 wear-resistant die for wire-drawing. The sirong

orientation dependence of its mechanical properties when tested under
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certain conditions. and the repuied variability and inhomogeneity of
diamonds with respect to their mechanical properties, are essentially
problems of crystallography and crystal-lattice perfection. Towards the
understanding of these,X-ray topography is beginning to make a
significant contribution. At the least, X-ray topography can periorm a
useful service thrcugh examining and classifying specimens, and by
helping to correlate and ratioralise diverse observations. It can proceed
further, however, and provide valuable clues to the nature of the
mechanisms active on an atomic scale which are involved in the abrasion

of diamond.

The simplest method of testing diamond is the scratch test. This
show= that diamond will scratch every other naturally occurring
suobstance. It is thus placed first on Moh's hardness scale. Scratch
tests on diamond can be made by dragging a diamond stylus over a ilat
polished diamond suriace: these do noi reveal the strong anisotropy of
resi..anc2 to abrasion that is found in some other types of test. Another
method of measurement of diamord harédness is the indentation test;in
this a smail indenter, usually itself made of diamond and having a
spherical contour, is pressed into a flat diamond surface so as to form
ring cracks. Moderate anisotropy of cleavage properties is demonstrated
by ring-cracks; octahedral planes are the preferred cleavage planes.
These indentatiun expesiments, in which large cracks a good fraction of a
miilimeter in iength are propagated, are relevant to the study of ring
cracks on naturai diamond surfaces (which are geometrically similar
though usuaily not larger than a few tens of microns), and :c the shattering
of diamond tools. Shattering, however, can be minimised by proper
mounting and careful use of tools. On the other hand, surface wear, i.e.
the gradual removal of material from the working surfaces, is an
unavoidable consequence of use, and is much in need of scientific study.
The degree of abrasion hardness of diamond has been studied by various
workers. One old-estabiished method is to hold the stone flat against a
rapidly rotating cast-iron disc (known as 2 scaife) which is charged with
a mixture of oil and diamond powder. The rate of wear is obtained from

the rate of loss cf weighi of the diamond. A newer and more interesting
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method is to use the micro-abrasion technique. In this the edge of a
small double-conical, rotating, cast-iron wheel is pressed into the surface
of the diamond. The wheel is about } inch in diameter, its cross-section
profile has an included angle of 110°, and it rotates at between 5,000 and
10,000 r.p.m. It may be charged with olive oil and diamond powder
about 1 micron in diameter. Alternatively, diamond-bonded wheels may
be used. Elastic deformation and wear of the periphery of the wheel,
together with some vibration during rotation, have the effect of rounding
the profiie of the cut produced on the diamond so that it takes the form of
a shallow ellipsoidal segment. Its depth and shape can be measured with
great accuracy by multiple-beam optical interferometry. Such measure-
ments, combined with phase contrast micrescopy, also indicate how
smooth is the surface of the cut. Typical cut dimensions are lengih

0- 6 mm, width @-i5 mm, and depth 3 microns. Other advantages of the
micro-abrasion technique are that several cuts may be made on the
surface of a single stone to examine its uniformity of hardness, and the
cuts may be made or areas whose orientation is known precisely. A
combined X -ray topographic and micro-abrasian study has been made on
several diamonds, the micro-abrasion work being performed by Dr. E. M.
Wiiks of the Clarendon Laboratory, Oxford. Some X-ray topographic

studies of artificially produced ring cracks have also been performed.

The information provided by X-ray topographic examination of
micro-abrasion cuts and ring cracks is as follows (a) A full topographic
survey of the specimen (whick can be periormed botk before and after the
mechanical damage is introduced) shows what grown-in lattice strains
and imperfections are preseni in the stone and how they interact with the
artificially prcduced damage. Therz is evidence that abrasion resistance
is affected by impurity layers in the crystal. Such lay=2rs can be mapped
by X-ray topography. Similarly, stress concentrations at inclusions or
precipitates, which are likely to influence crack propagation, can also be

m™mapped.

(b} When the load producing a crack is removed, the surfaces of

the crack may close together sufficiently te make the crack invisible
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ogctzally. X-ray topographe can show the full depih of cleavage Dy

detecting the loss of coherence between rays diffracted {rom cither side
g y

of the crack. They show the lattice damage remaining when the two

srrfaces of the crack collapse together and do not heal.

(c) By use of a finely-collimated incident beam and by taking
topographs with the specimen's angular setting varied over a range about
the setting for maximum Bragg reflection. misorientations of damaged
material by more than a fraction of a minute of arc are readily detected
and mapped. Such misorientations are observed at ring cracks, for

example.

(d) Tonographs taken with diffierent reflections can find the
direction of displacement in the strair field produced by the indentation

or abrasion.

(e) The combined evidence oi topographs taken with different
radiations and with different reflections enables a picture to be built up
of both the tilt and dilation components of the strain-field. Exact
analysis is difficult, but experience with the study of strain fieids of

dislocations provides helpful araiogies.

{f) If plastic deformation has occurred through the propagation of
dislocations along slip-planes then this can te detected provided that the

dislocations have moved a distance of roughly i0 microns or more.

It will be appreciated from the foregoing that the information
obtained by X-ray :opographs not only complements that gained by optical
methods but also provides an independent variety of data. The seasitivity
of the X-ray methods is suificient to detect surface damage due to
abrasion when nothing can be seern either by muitipie-beam interferometry
or by phase-contrast micrography. Very small amounts of strain, deep
in the crystal, can be detected on topographs by the bending of Pendell'(;sung
fringes {see Sections 3.1. and 4. 1.) The X-ray topographs are insensitive
to irregularities of surface contour, especially in the case of diamond
which absorbs X-rays lightly. Tilts of lattice planes parallel to the

crystal surface can be detecied more sensitively by diffraction contrast
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than by measurement of surface contour.

Some specific findings reiating tc microabrasion cuts will now be
summarised. The topographs of cuts on cube, dodecahedral and octa-
hedral faces skow interesting differences, but the general pattern is
similar for these three faces, and for 'hard® and 'soft' direciions on each
face. Within the abraded area there appear striae in the direction of
motion of the abrading wheel. The average width of striae is a few
microns. Using soft X-radiation such as Cu Ka and Cr Ka these siriae
can sometimes be resolved into strings of individual micro-cracks.
Although these cracks are lined up into striae, the variation of their
diffraction contrast with orientation of the diffraction vector does not very
markedly. The most notable feature in the diffraction contrast pattern is
the intense concentration of strain (more strictly, of strain gradients)
arsund the periphery of the cut. This peripheral diffraction contrast is
especiaily intense at the end of the cut at which the rotating wheel enters
the cut. Topographs taken with the diffraction vector making various angles
with the long axis of the cuts show that the strain at the periphery is mainly
a lattice rotation about an axis 1lying in the crystal surface ard tangential
to the periphery of the cut. By taking transmission topographs with
Cu Ka radiation which is appreciably absorbed in traversing thicknesses
of 1 - 2 mm of diamond it is possible tc determine the sense of the lattice
rotation by ncting the difference in the distribution of diffraction contrast
between hk{ and l.xl:{., topographs. (This utilices the phenomeron of 'erergy-

flow refraction’ in conjunction with the Borrmann effect, see Section 4.1.)

All these observations are compatible with the following model.
The abraded area is covered by microcracks of the order of 1 micron depth.
Imperfect healing of these cracks after removal of load, and the trapping
oI debris within them, result in production of a thin layer in a state of
uniform compressive stress. This produces an outwardly directed surface
traction at the periphery of the cut. Precisely at the periphery this model
exhibits an elastic singuiarity but at distances more than a few microns
from the periphery realistic values of dilation and tilt can be derived which

agree quite well with observations. To explain the additional contrast where

me’:"#"‘x"' S - o - - -~ — — -




-59.

the abrading wheel enters the cut., a line source of additicnal compressive
stress is placed at this region of the periphery and is superimposed upon
the stress produced by the surface layer covering the abraded area as a
whole. This extra stress doubtless is due to a concentration of cracks
where the wheel, loaded «ith abrasive particles, first causes these
particles o hit the surface of the specimen. A concentration of micro-
cracks at this region of the periphery is also to be expected since during
the course of abrasion the resultant stress due to friction will be here
most strongly tensile. The elastic strains revealed by the topographs are
very intense: within the region covered by microcracks they may approach
1%. The small lattice tilts detectable by X-ray topography also extend to
a long distance outside and below the cut: tilts of more thar 1*' of arc may
2xist up to distances of about 75 microns outside or below the periphery of
the cut. The X-ray topcgraphic studies suggest that the process of abrasion
of diamond can be explained satisfactorily by a mechanical model involving
brittle fracture alone: a crazing of the abraded area with microcracks and
the continuous plucking of fragments from it. No evidence for graphiti-

sation or plastic deiormation has veen obtained.

2_2. Synthetic Diamond.

The literature on the morphology and imperiection content of man-
made diamond is not extensive: references to the relatively small number
of important papers relating to these topics may be found in R13 {Kamiya
and Lang 1965b). Bovenkerk first described the variations in morphology
that occur as a result ¢f variations in conditions of synthesis: the habit of
well-formed diamonds may vary from octahedral through cubo-octahedral
to almost pure cubic, and the cubic faces possess a smoothness and flatness
never exhibited by the occasionally observed cube faces of natural stones.
In X-ray diffraction studies the most stiriking phenomenon to be reporied is
the 'satellite® diffraction pattern studied by Lonsdale and co-workers.
This is the pattern of a face-ceniered cubic phase, lattice parameter
3-339A., which appears to be a carbon-nickel phase dzriving from the
nickel impurity that is included in many synthetic diamonds. By zaking X-ray
photographs using standard single-crystal techriques Lornsdale and co-workers

found that the crystallites producing this satellite pattern were in parallel
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ntaiion wiin ine diarmond mairix To discover more about the nature
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and distribution of the crystzallites respoasible for the satellite pattern,
topcgraphic studies are required. In this problem and in others to do with
synthetic diamond 1t was clear that X-ray topography could yield useful
infermation, particularly in view of the wide experience already gained in
studies of natural diamond. Consequentiy, a comprehensive topographic
study was undertaken to examine the characteristics of both the most
perfect man-made diamonds and also the much more common and imperfect
specimens. This work has been fully reported (Kamiya and Lang 1965b,

R13j sc only 2 iew aspects of it will be touched upon here.

As regards technique, ithe experiments were fairly demanding. The
crystals examined ranged from about 100 to 500 microns i1n diameter.
Reflections from crystals near the smaller limit of this size range are not
always easy to locate. When making adjustments to the specimen such as
changing the setting of the arcs of the gomometer head, and when rotating
the specimen abocut the goniometer axis, it 1s necessary to check frequentiy
that the specimen remains properly bathed in the incident X-ray beam.
Complications arise from twinning of the specimen (this is very frequent in
synthetic diamonds) and from the presence of gross misorientations. A
useful innovation was the development of the techmque of taking stereo-pairs
of absorption topographs using a selected, strictly monochromatic radiation.
A perfect crystal of germanium, translated to and fro, was used to produce
a uniform beam of the required monochromatic radiation (such as Cu Ka and
Cu KB, the latter radiation being much more strongly absorbed by nickel
than the former. The absorption topographs were taken with the specimen
set at any desired angle with this monochromatic beam. Thus stereo-pairs
with any desired convergence angle could be produced; and any particular

plane in the specimen could be brought parallel to the monochromatic beam.

Among the findings, the following may be noted. The better
synthetic diamonds were, at least in some parts, relatively perfect. The
familiar pattern of dislocation bundles radiating irom a central nucleus
could be recognised. and in favourable cases it appeared that individual
dislocations coulG jest be resolved. Where flat areas were present on the

specimen suriace, absorption topography revealed a nickel-rich {film on
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such areas, and diffraction contrast showed that this film wa< prodacing
appreciable strain in the crystal underlying it. The absorption topographs
detected nickel-rich impurity present internally in twe states of
agglomeration: as roughly globular inclusions ranging from 2 to 15 microns
in diameter which produced little strain in the diamond matirix, and as
finely divided material {less than 1 micron in diameter) which did produce
strain in the matrix. In cne case this finely divided material lay in a
well-defined sheet which appeared to be the trace of the outward motion

of a crystal edge during growth. This edge was of the <110> type that

would be formed at the junction of two { lil}-type faces that have an

included angle of 704°

The reflections of the satellite pattern could also be divided into
two groups. One group was produced by relatively large crystallites.
These were only roughly parallel to the diamond matrix since they were
in some cases misoriented up to 6° from the matrix. The other group
arose irom quite small crystallites closely parallel io the matrix.
Tentatively, the large inclusions were associated with the former group of
reflections, and the finely divided inclusions with the latier group; but

this relationship was not proved.

The rounded shape and general absence of mairix strain associated
with the larger inclusions suggested that they had been incorporated as
molten droplets. This absence of ‘grown-in’ stress at the larger inclusions,
and the presumakly rounded form of the internal surfaces of the diamond
enclosing the globules, should prevent the buiid up of excessive stress
concentrations at these inclusions when the diamond is subjected to
external load. Ii may even be that these cavities in the diamond act as
'crack stoppers’, inhibiting the propagation of cleavage through the crystal.
This may be the explanation of the reputed better resistance to cleavage of

synthetic diamoend compared with the natural material.
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2.3. Silicon.

2.3.1. The origin of dislocations in melt-growrn silicon.

Since the complete configuration of dislocations within a large
single crystal can be mapped by X-ray topography, this method of
investigation is the one best equipped for providing information from
which the origin of the dislocation configuration can be deduced. it is
helpful that the metaod provides data on both the spatial configuration of
a dislocation line and on its Burgers vector, and that it shows, moreover,
the spatial relationship between any dislocation line and tha local
orientation of the growth frent and of the external surfaces of the crystal.
Some of the earliest X-ray topographic studies were performed on
silicon crystals grown by the Czochralski method. The topographs of such
crystals often revealed bands due to varying amount of oxygan impurity
and other signs of instability toih of growth rate and impurity content.
Some such crystals, however, did show relatively large volumes free irom
dislocations. In view of the greater purity of crystais grown by the
floating-zone method it was considered desirable to make a survey of
dislocations in a crystal grown by this method. The first X-ray
investigation of this type is here summarised, a full report having already
appeared in the literature (Jenkinson and Lang 1962, R2). It shoulc be
borne in mind that at the time this work was performed the floating-zone
technique was still under development. Although the materiai produced
was of high purity (the X-ray topographs bore witness to the high degree
of lattice perfection apart irom dislocatiens), sufficient control of thermal
conditions had not yet been achieved to keep thermal siresses in the specimen
low enough to avoid plastic deformation. Thus the dislocation density was
by no means negligible: in parts of the crystal remote from the seed the

5 2
density was locally in excess of 10° lines per cm .

The investigation had the following main aims: to record the density
and spatial arrangement of dislocation and to identify the dominant Burgers
vectors at a series of positions along the length oi the crystal, to examine
the modes of dislocation motion and multiplic: tion due to thermai stresses,
to search for evidence of generation of dislocations in the process of solid-

ification, and to analyse dislocation reactions.
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Sever slices were cut from the crystal, covering a length of abeut
35 cm, and at least eight topographs (using different Bragg reflections
were taken of each slice. The dislocation configurations observed in all
slices indicated a complex history of dislocation movement, with different
slip systems having operated at differer: times and temperatures during
the cooling of the crystal. Within about 1 cm of the seed the dislecation
configuration was fairly simple and the density quite low. At about 2 cm
from the seed there began to appear locali sed dislocation 'tangles’'. These
tangles wore a notable feature of the dislocation configuration in all slices
from parts of the crystal further irom t.e seed. In such slices a three-
zone disiribution of dislocations across the ingot section had become
established. Near the central axis of the ingot the tangles were found
most proiusely. The rim of the crystal seciion contained a relatively high
density of glide dislocations with fairly straight segments. Between the
core of the ingot and the rim was a zone of relatively low dislocaticn
density, with the dislocation-lire segments being generally more curved
than in the rim. It was possible to aralyse the distribution of Burgers
vectors in the simpler tangles. The shape and location of the tangles
indicated thzat they were associated with the mutual intersection of active
slip planes, and that they were composed mainly of a piie-up of dislocations
glidinz in two or more intersecting slip systems. This conclusion was
supported by the Burgers vector analyses possible in the simpler cases.
Evidence was obtained that the heart of the iangle consisted of one or more
Lomer reactions. Such reactions produce relatively immobile dislocztions
which would impede the movement of others and could initiate 2 locai piling-
up of dislocations. It is clear that the growth of tangles will involve a
rapid build-up of dislocation densit+ and will lead to work-hardening.
Indeed, if 2n extrapolation from these observations at fairly low disiocatioa
density is made, it suggests tha. the growth of tangles nucleated by Lomer
reactions is an important part of the process of work-hardening in face-
centered cubic crystals, and will be initiated when two mutually intersecting

slip systems become simultaneously active.

Regarding dislocation sources, the X -ruy topographs showed that

internal multiplication during glide certainly occurred. The commonest
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cause of increase in dislocauion-line length arose irom the cross-slip of

SCTew Componenis. Lack of stabie pinming of ioop enus prevented

f sources of the Frank-Kead iype: rarely were more

lal

(7]}

ration o
than one or two turns of a Frank-Read spiral observed. There was
evidence that surfaces sources of dislocztions were active. No evidence
was found fcr the generation of dislocations by a2 vacancy disc coilapse
mechanism, or by growth accidents at the advancing growth iront. The
increase of dislocaiion-line lengith during glide and the trapping of
dislocaiions :n the crysial through their muical interierence appeared io

account quiie adequately ior the densiiv of dislocaiions observed.

2 3.2. Dislocauion configurations in a very lightly deformed silicon crvstal.

In specimens of silicon such as that described above in Section 2.3. 1.,
in which most of the plastic deiormation probably took nlace at a temperature
within a2 couple of hundred degrees of the meliing poirt. 1t is noiable how
curved are the dislocaiions lires involved in this high-temperature siip,
and how ezasily cross-slip hos occurred. The disiocziions are not at all
closely confined 10 their slip planes. At lower temperatures the tendency
for dislocations hines to lie parallel to<i 10> or 112> is stronger, and
at the lowest temperztures at which plastic deformation occurs the <11C>
directions are dominant. However, it is quite difficult to produce specimens
containing 2 low density of disiocations with well developed linear segiments
parallel :0<{1i0> . The technique for producing such specimens was
bezuiliully developed by the late W.C. Dash He started with bars zbecut
2 16 3 mm square 1n cross-seciion and abeut 20 mm long which had 2 ve:y
low or zero density of grown-in dislecations. By twisting such bars in a
narrow rarge cf temperatures between that al which britile fracture always
occurred ard that at which dislocations moved and muitiplied 190 readiiy,
he produced specimens in which slip had »>ccurred on but 2 few planes,
widely separated spatially. Sever:l bars deformed in this manner by Dash
have been examined X-ray iopographically. The non-destructive
character of the X-ray examination. and itsability 1o survey quickly large
volumes of specimen, were useful ir these cxperiments. Several weli-
developed internal disiocation sources of tke Frank-Read iype were

discovered One found in a bar which had probably been dislocaticn-irec
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before twisting was chosen for detailed examination. The aim of the study

- -%
nal configuraiion of ine

the fact that the X-ray method dces not suffer from the limited depth of
focus of the optical microscope, and that when a penetrating radiation
such as Ag Ka is used dislocations within a depth range of about 2 mm
are clearly seen. By identifying Burgers vectors of dislocations as well
as displaying the dislocation geometry it was possible to gain some idea
of the conditions which brought the source into operation and the circum-
stances that subsequently caused its operation to cease. This analysis
has been reported already (Authier and Lang 1964, R8). The presence of
long straight dislocation segments in the specimen, some segments being
pure screws, others 60° dislocations, gave opportunities for studying
certain aspects of the diffraction contrast produced by dislocations. One
such investigation involved the determination of the sense of pure screw
disiocations (Lang 1965a). Other observations, involving the long-range
strain fields of dislocations and their interaction with Perdellosung
fringes {Kato and Lang 1959), provided valuable confirmation of some of
Kato's theories {see Kato 1963a and Section 4 of this Report). A few
poirts arising irom the analysis of the dislocation geometry were as
follows. The orientation of dislocation lines along <110> directions was
shown not to be as strict as a cursory view of the configuration would
suggest. departures from <110> directions amcunting to several degrees
were found. The configuration showed that 60° segments had travelled
faster than pure screw segments. A varieiy of interactions between
disloczations which had intersected each other, or which were still
eifectively in contact, was noted. Some such interactions enabled the

relative sense of the Burgers vectors of the dislocationrs to be determined.
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the case of silicon and diamond. in that germamum, being of moderately
high atomic number, absorbs X-rays quite strongly. The identification

of Burgers vectors f{rom the diffraction contrast efiects produced by
dislocations is simplest. and the contrast is strongest, when the absorp-
tion 1s low. For this reason it is preferred *o work in the range where

the produci of inear absorption coefficient, p. and crystal thickness, i,

1s in the range pt 1. For AgKa radiation values of p for diamond.

silicon and germanium are, respectively, 1-4, 8 and 183. The corres-
ponding values of t, 1n mm, for which pt = i are 7-1, i-25and € 054,
Early topographic experiments with germanium specimens 2 few tenths of
a millimeier thick showed quite different types of dislocation difiraction

¢ .. lrom thai observed with silicon. This difference was soon
realiszd 10 be due io the much higher absorption in the case of germanium,
and noi 1o be cdue to any inirinsic difference between the two elements.
indeed. by comparing topographs of 2 germanium crystal about imm thick
taken using AgKa (for which pt~-10) with those using W Ke (for which pta-1)
1t was proved that similar dislocation contrast was obtained to that found in
siiicon under the conditions pt~1 {Lang 195%b). In the range of crystal
thicknesses for whick ut lies between about 2 and about 5 it was fcund that
the dislocation conirasti could be either positive {i.e. an excess of

diffracted iniensity irom the dislocations compared with the mairix), or

negative. and the type of contrast depended upon the position of the dislocation

line within the crystal and upon the degree of edge or screw character of the
dislocaiion In pariicular, it was iound that there could be a reverszl of
conirast of 2 given dislocation: between topographs taken with hk€ and hk
reflections. It was believed that this contrast reversal could be used to
find the sense of the cislocation Burgers vector. This belief was confirmed

by ar extended series of theoretical and experimental investigations which

showed how X-ray topographic observations could be used to determine both

the sense and the ornentation of Burgers vectors (Hart 1963). These

invesligaiions were carried ou: mainly on specially prepared germanmum
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specimens and made use of both the dislocations present in the 'as-grown’
specimen and dislocations deliberately introduced by controlled plastic
deformation. The specimens were prepared in the form of thin wedges
with smooth and flat surfaces. The wedge shape enabled the variation of
dislocation contrast with specimen thickness to be studied on cne and the
same specimen. (Variation cf difiraction contrast with X-ray wavelength
2nd linear absorption coefficiert was also studied by comparing topographs
taken with Ag Ka. Mo Ka and Cu Ka radiations.) The need for smoothness
of the specimen surface arose both irom the high X-ray absorption in
germanium and the relatively small extinction distance (~10 microns);
the topograph would exhibit a mottled appearance. at least at the thin end
of the wedge, if the specimen surfaces were not smooth to within a few
microns. The work on the diffraction contrast of dislocations will be
described more fully in Sections 4.1 and 4. 2. ; here an account w:ll be
given of some of the features discovered in the configuration of 'grown-in’

dislocaiions in germanium.

The germanium crystals used were provided by the Royal Radar
Establishment, Malvern. They were grown by the Czochralski method.
Typical crystal dimensions were: length 8 cm, maximum diameter 2-5 cm.
Their resistivity (intrinsic) was 50 ohm-cm at room temperature. The
crystals were grown with careful control of temperature gradients to
reduce the amouni of plastic deformation produced by thermal stresses.
The growth axis of the crystal was 2< 110> direction. For convenience in
the following discussion this is taken to be [IIO]. With this growth
direction 1ii is {ound that most dislocations grow out of the crystal and that
at distances of a2 few crystal! radii from the junction with the seec (or irom
the crysial 'shoulder' where piastic deformaticn is most prone to occur)
the dislocaiions remaining are few in number and are mainly long and
straight, paraiiel to the growth axais. It had been believed, on the basis of
the work by Tweet (1958) and Dash (1959), that these iong axial dislocations
were pure screw, or possibly of 60° ype. In the present work 1t was found
that 2l of these dislocaiions were pure edge. It is believed that they were
formed by 2 Lomer reacticn between dislocations giiding or (111) and {11 I)

ship-planes. 1i{, while combining, they intersect the growth interiace of
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crystal sections were cut at closely spaced intervals and topographically
surveyed. In this way it was hoped to trace these edge dislocations back
towards the seed to see 1f they originated at Y-shaped nodes, the stem

of the Y beirng parallel to [l TC]and 1is two arms lying respectively on the
(111) and (ll;) slip-planes with the appropriate Burgers vectors. it was
found that the pure edge disiocations ran back into regions of fairly high
dislocaztion density in which it was not possible positively to identifiy the
expected reacuions. There was, however, strong circumstantial
evidence for the Lomer-reaction origin of these pure edge dislocations and
for their having been grown into the crystal in the manner proposed. In
this conneciion it could be seen thai these edge dislocztions were older
than some of the gude dicsiocations and that they had remained immobuie
during later stages of plastic deformation. They had 1n fact acted as

o tacles io the movement of the iater-moving dislocations. Indeed, they
cwold iniiiaie tangles such as those observed in silicon {Jenkinson and

Lang (1962}).

2.4.2. Deformation of sermanium.

Crystals of germanium, origirally dislocation-free or nearly so,
have been deiormed deliberately. This was done no: for the purpose of
siudying the plasiicity of germanium but to produce cGislocation configur-
ations suitable {for working with in the investigation of the diffraction
contrast in dislocation images. However. in the course of the work a
good 1nsight was obtained inic the mode of multiplication and movement of
disiocaiions in germanium near the threshcld of plastic deformation. For
the study of dislecation images it was required to produce configurat:ons
satisfying the following conditions: 1, the dislocations maust be well
separaied from each other spatially, 2, they should have long linear
segments (but these could be prre screw, 60°, or pure edge), and, most
imporiant, the sense of the Burgers vectors should be known. The latter
cordition could not be satisfied by generating dislocations irom internal

sources which would produce segments of opposite Burgers-vecior sense
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in roughly equal lengths. Early experiments with crystals pulled in

tension did not produce di Jcation configurations satisfying any oi the
above lis:ed conditions, even thcugh surface indentations were made on

the crystal after etching and prior to pulling in the hope of restricting the
sources of dislocations to the neighirourhood of these indentaticns. On the
other hand, very satisfactory dislecation configuraticns were produced by
tiree-point bending of bars at 510 to 520°C. The bars were 15 mrn iong
ard 2°5 mm by 4-0 mra in cross section. The bend axis was parallel to
the side 4-0 mm wide. This axis was the [Ili]direction and the specimen
was oriented so that the (111) plane made about 50° with the face 40 mm
wide. After grinding to shape, the bar was carefully chemically

polished. Then surface reflection X-ray topographs were taken to check
that all surface damage had been removed. Just before inserting in the
bending jig,scratches were made with a diamond point paraliel to ithe long
dimension of tke bar and along the center lines of the faces which were to
become respectively convex and concave. These scratches then became
the only sources of dislocations in tae crystal. After bending, surface
refleciior topographs were again taken to find the distribution of dislocation
outcrops. At suiiably chosen places slices parallel to active slip-planes
were cut out irom the bar. After grinding and polishing to a final thickness
of 80 to 100 microns the slices were surveyed by transmission topography
and the glide dislocation images were studied in detail. It is difficul: to
resirict slip 1o one system only in this method of deiormazion, bui locally
one system would be dominant, and slices could be cut from the bar which
contained a single sysiem only. These slices showed arrays of dislocation,
well spaced apart, with straight secgments up to several hundred microns
long. These segmenis were either pure screw or 60° in character. Aisc,
as was particularly desired, the great majority of dislocations within a
given group had Burgers vectors of the same orientation and sense. Some
oi the difiraction contrast phenomena observed will be described in Section 4.
A full account of this work has been prepared (Hart 1963) and will be

published in due course.
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2.4.3. Heavilv-doned germanium.

Practical interest in phenomena connected with impurity
distribution in semi-corductor crystals stems from the importance of
producing uniformly highly doped materials such as are required in
Esaki diodes. Although the melt may be kept well stirred, it is found
that crystals may take up the doping element in a very non-uniform way.
This happens especially when 'cellular growth' occurs. Further redist-
ribution of impurity mayv occur behind the solidification front. Occluded
drops of dope-rich material may migrate before solidifying, and
precipitation of segregated impurity may occur in part of the crystai.
The interaction between the grown-in dislocations and the impurity cell
structures. the distribution of stresses and dislocations produced by
precipiiates, and the tracks of migrated droplets can all be investigated

by X-ray topography.

Crystals with the following compositions have been studied:
-3
Ge + 10 wi. % In,
-3
Ge + 10 wt. % Ga,

Ge + 5X 10’3w:- % Sb,

Ge + 3X 10'2wz. ¢, Sn.

The following efiects were observed. The walls of impurity cells
can be detected by diffraction contrast due to the strain gradients
associated with the excess impurity in the walls. In the specimens studied
there was no nucleation of dislocations i. the walls, and comparatively
little interaction between the walls and the grown-in dislocaticn distribution.
When precipitation had occurred, intense local strain was produced. When
ihin specimens were prepared, local lattice rotations near precipitates
of more than one minute of arc were observed. Some precipitates had
punched out prismatic dislocation loops and more complicated dislocation

shapes, in all the <1 10> directions radiating from the precipitate.

Besides diifraction topography, absorption topography was also
zpplied. In the case of the tin-doped specimen, the extra concentration of
fi1n in the impurity cell walls could be detected by absorption conirast.

This contrast is greatest when the wall is seen edge-orn. Under these
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conditions it is possible to make quantitative estimates of the
concentration of the tin impurity in them. The figure deriv
1%, that is about thirty times the average tin concentration in the crystal.
Precipitates more than a few micrors in diameter could also be seen
well by absorption contrast. Stereo-pairs of absorption topograpks
displayed in a striking manner the distribution of precipitates and

showed their spatial relationship with the impurity cells.

2.5. Indium Antimonide

2.5.1. Determination of the absolute configuration of the structure.

The reasons for undertaking topographic studies of indium
antimonide were threefold. Firstly, like silicon ard germanium, very
pure specimens could be obtained with very low dislocation density.

Thus the crystals silicon, germanium and indium antimonide, which form
a series of increasing electron density, could be used for studying the
variation in the form of dislocation images with increasing X-ray

structure factor. Secondly, indium antimounide can be plastically deformed
at temperatures as low as about 200°C. This facilitates experiments in
which small, controlied deformations are introduced. Thirdly, indium
antimonide, unlike silicon and germanium, is a polar structure.
Consequently, the atornic structure at the core of a dislocation will depend
upon the sense of the Burgers vector; and there is the interesting
possibility to be investigated that dislocations of opposite sense exhibit

different glide behaviour.

Experiments concerned with the polarity of the structure will he
discussed first. Consider the formation of a surface parailel to 2n octa-
hedral plane in the diamond or InSb structure. If the surface is formed
by cleavage 1t would be expected to be that which breaks the minimum
number of bonds per unit area. if the surface is formed by solution cr
evaporation then it would be expected to be that with the minimum number
of unsatisfiied bonds per unit area. In beth cases the expected surface is
that which cuts the bonds directed normal to the octahedral surface. The
crysial surface thus formed consists of a doubie layer of atomns. In the

elements possessing the diamond structure all these atoms are of course
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of ihe same species; but in the case of InSb theres are two alternatives,
viZ., that either indium or aniimony atoms lie uppermost. As a
corsequence, a difference in chemical reactivity between a (111) surface
and its inverse (111) will be exhibited. This difference can be revealed
by several etchants. It is found, for exampie, that a CP4 type etch will
produce dislocation etch pits on one octahedral surface of InSb but not on
its inverse. Although differentiation between surfaces indexed as (111)
and (Iii) can be effected quite reliably by etching techniques, the
absolute configuration of the structure, i.e. whether, in the indexing
conventicn used, the (111) surface exposes indium or antimony atoms,
cannot be determined by etching. This information can be obtained by

X -ray diffraction, using anomalous dispersion. In the present work an
improved anomalous dispersion experiment was performed (Hart 1963)
which established unambiguously the absclute configuration of the
structure in the specimens used relative to their external morphology.
These anomalous dispersion experiments make use of the phase shift

on scattering which occurs when the wavelength of the scattered radiaticn
is near an absorption edge of the scattering atom. By choosing a wave-
length for which this phase shift occurs more strongly for one of the atom
species in the InSb structure than for the other, an observable difference
in integrated reflection from (111) and (III) faces can be produced. The
sign of the difference can be related directly to the absolute configuration.
In the present experiments radiation produced directly in the X-ray tube
was employed in order to obtairn a beam sufficiently strong for reliable
intensity measurements of diffracted beams to be made. Choice of
radiation was restricted to the characteristic radiations of elements w*ich
could be used as target materials in the demountable X -ray tube. There
were two possibilities, chromium Kal or tin K8;. Anocmalous dispersion
effects produced by the chromium radiation involve the L electrons in
both indium and antimony, and the resultant effect is small: the ratio of
moduli of siructure amplitudes for the 111 and III reflections is 0- 96.
With SnK@; radiation, on the other hand, there is a relatively iarge

difference in the anomalous dispersion effects in indium and antimony. The

wavelength of SnKB; radiation lies between the K absorption edges of
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indium and antimony. Orn the other hand, SnKa 1 radiation has a wave-
length longer than the K absorption edges of either element: no phase
shift on scattering is then produced by either atom. Integrated reflection
measurements made with SnKa} can thus be used for standardisation

purposes. The 333 and 333 reflections were compared rather than 111
and III because the contributions of the K electrons are relatively
more important with higher-order reflections. A complication arises
from absorption of the X-ray radiation, particularly of SnKB;, and the
consequent strong dependence of the integrated reflection upon the
obliquity of the prepared crystal face with the Bragg planes reflecting.
Fortunrately this afiects reflections of SnKu1 and SnKp,; by about the
same amount at a given crystal setting, and obliquity effects can be
substantially elimirated by repeating experiments with the directions of
incident and diffiracted rays interchanged with respect to the crystal.
The calculated ratio of structure amplitudes for symrmeciricai reilection
was 1-21. The mean of experimental measurements was 1- 18 with an
estimated error of + 4%. Using the orientation convention introduced by
Dewald, and recommended by Hulme and Muliin {(1962), in which the
surface with indium uppermecst is called (111), it was confirmed that

CP4 etch produces dislocation etch pits on the (111), antimony face,

but not on the (111), indium face.

The tin target for the demountzble X-ray tubs was prepared by
dipping a standard copper target into molten tin. The target face was
ther ground until a layer of tin only about 10 microns thick remained.

It was calculated that the total power input into the focal area would have
to be reduced to about 25 watts if the focal area was to be 1,400 microns
by 150 microns and the peak surface temperature wasnotto exceed 120°C.
This temperature was considered io be the maximum that cculd be used
to avoid excessive sublimation of the tin. Some change in the configur-
ation of the electron beam focussing components was required o produce
roughly the standard focal size with a tube current of only 0-4mA; but
with this modification it was possible to run the tube continuously at

50kV and 0-4 mA with no deterioration of the target during the course of
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the experimeats.

2.5.2. Deformation of indium antimonide

The indiu: antimonide used was grown by a horizontal zone-
melting technique in a sooted silica beoat and was provided by the Royal
Radar Establishment, Malvern. The technique used for plastic deformaticn
was similar tc that employed in the case of germanium (see Section 2. 4. 2);
but in the case of indium antimcnide the peak temperature was only 230°C.
As in the case of germanium it was possible to restrict the dislocation
sources to surface scratches introduced before beading, and dislocations
belonging to different slip systems were spatially sepzratied in the plates
cut irorn the deformed bars. The dislocation images showed significant
differences from those found in germanium: they were generaily sharper
and showed more intense positive contrast at the center of the image.
These differences arise because indium antimonide ha: structure factors
about 50% greater than those of germanium, but oniy half the absorption

coefficient ior MoKa and AgKa radiations.

The dislocations produced had straight segments, though not so
straight as those produced in germanium. Pure screw and 60° dislocations
dominated the dislocation population. It was found that the dislocation
lcops generated by the deformation were muck more elengated tharn in the
case of germanium, the pure screw segments being about ten times longer
than the 60C segments. It was hence concluded that in indium antimonide,
uncer the conditions of the experiment, 60o dislocatiomns move with about

ten times the speed of pure screw dislocations.

If atomic models of dislocation cere struciures are constructed
they show that ir pure indium antimonide there should be two types of 60°
dislocation, depending upon whether the exira hali-piane is terminated by
indium or antimony atoms. Dislocations expected to be of these two types
can be identified on the topographs if both the absolute configuration of
the specimen and the sense of the Burgers vectors is known. DBoth these
quantities were determined in the experiments here reviewed (Hart 1963).
In the presence of an impurity attracted more to ore type oi dislocation

than to the other, a difference in glide properties might arise. A survey




of the dislocaticn populations in the deformed specimens was undertaken

to look for such an effect, but within experimental error none was found.

Lithium Fluaride,

2.6.
2.6.1. Origin of dislocations in lithinm fluoride,

The first step required in the investigation of the lattice imper-
fections in lithium fluoride was the development of an appropriate
specimen preparation technique. If a proper study of internal structures
is to be made it is essential that the specimen surfaces be free from
imperfections that would mask the diffraction image from the material
beneath. Scratches and percussion damage, which generate not only
local dense concentrations of dislocations but also appreciable long-range
strains, must be removed by chemical polishing; but ziter this treatment
there remains the problem of adequate removal of the reaction products,
a matter which involves difficulties with reactive surfaces like those of
lithium ilucride. Very often films of materizl are left on the surface
which adhere to it strongly znd introduce strains clearly visible on the
X -ray topograph. An extreme case may be cited in which a lithium
fluoride crystal,initially apparently quite clean and strain-free, developed
1m the course of a few weeks a dendritic surface growth which was
optically detectable by its birefringernce and was strongly visibie on the

X -ray topographs by the strain it produced in the underlying crystal.

Although crysials of litnium fluoride several millimeters thick
are easily penetrated by MoKe and AgKa radiations, it is desirable to
examine specimens not greater than ; to 1 mm thick if a clear picture of
the dislocation disiribution is to be obtained; and in practice the specimens
used were cleavage plates parallel to { 100} chemically polished to a
thickness of zbout 0- 3 mm. If the specimen is thicker than this, :he
1mages of dislocations located near the X-ray eatrance surface of the
crystal have a proncunced 'tail’ which reduces the precision with which they
can be lccated. (This tail can he seen in the images of some segments of
the 'random’ dislocations appearing in Figure 2, following page 33.) The
three chemical polishes used were, (a) concentrated sulfuric acid, (b)

fluoboric acid, HBF 4, about 40% concentration, and (c) a weak ammonium
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hvdroxide solution. Etch {c) was found to be too slow and variable for
convenient use; etch (b) was fast, removing surface material at the rate
of about 30 microns per minute, but was prone to leave a strained curface
layer. Etch {a) was found most convenient for general use. Its average
rate of removal of material was about 7 microns per minute, but this
became much faster as agitation was increased. In order to remove
reaction products, the téechnique was adopted of quickly rinsing the
crystal in a series of solutions of decreasing concentration of sulfuric
acid. {inishing up with pure water at the termination of tae polishing

operation.

Material from several sources was studied. Some specimens had
fairly low dislocation densities but showed relatively poor dislocation
contrast. [t was possible to improve the dislocation contrast sometimes
by annealing. The best material, both for low dislocation density and for
good dislocatior contrast, was obtained from the University of Aberdeen.
Only minor changes in dislocation configurations were prcduced by
annealing, even at temperatures up tc 600°C. Annealing at higher
temperatures usually introduced fresh dislocations due to accidental
deformation. The dislocation population couid be divided into random
dislocations distributed in sub-grains, and dislocations aligned in iow-angle
boundaries. The more perfect the crystals, the sharper was this division.
Dislocation densities in sub-grains varied widely, but there was a general
tendency for a2 reduced density t5 be observed within a hundred microns or
so of the low-angle boundaries. The dislocations within the sub-grains
were always markedly curved, though a slight tendercy for segments to lie
in {100 directions was observed. A notable feature in many crystals was
the profusion of large loops, up to 120 microns in diameter. Their orien-
tation varied, and was not confined to the {110} slip-planes. Accompanying
the ioops, horse-shoe shapes of bowed-out dislocation segments were
present. In regions of low density of dislocations, Burgers vectors of
individual dislocations were easily determined by findirg in which reflections
the dislocation image vanished. No evidence was founn for ii<lgcations
with Burgers vectcrs other than the expected %(110}. Sets of concentric

loops were never cbserved, and no Frank-Read dislecztion mills were iound.
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Dislocation nodes and reactions were rare. Stable pinning points
appeared to be absent, which explains the abserce of Frank-Read sources.
The dislocation multiplication that had undoubtedly taken place appeared
to have been all by the process of multiple cross glide. occurring under
conditions when much climb and cross glidewere taking place. In most
specimens the distribution of Burgers vectors among their possible
directions was fairly uniform; but some cases were found wken this was
far from so, one or two of the possible directions being strongly dominant.
Further information on the nature and origin of the grown-in dislocation
configuration was gained by exarnination of a boule abcut § cm 1n diameter
and 10 cm high grown at the University of Aberdeen. Samples were taken
from various places in the boule and the density and dominant Burgers
vectors in these were compared. The findings were that in most parts of
the crystal the dislocation density and configuration within sub-grains was
determined by the plastic deformation occurring there as a result of
cooling stresses. The dislocation density on the axis of the boule was
higher than nearer the periphery. This appeared to be due to mutual
interierence of dislocations belonging to various slip systems intersecting
near the axis. Near the axis, in the regions of higher density, some re-
arrangement of the sub-grain dislccations had occurred with a tendency to
oroduce polygonal 'walls’ of dislocations. In some places evidence for
sub-grain boundary migration was apparent. The last centimeter or so of
the crystal to solidify had a higher imperiection content; its most striking
feature was a dendritic impurity segregation which was visible both optically
and on the X-ray topographs. Before the horizon at which clearly visible
segregation was reached, however, an increasing density of very small

precipitates was revaaled by diffraction contrast.

A low density of dislocations disiributed in sub-grains was generally
found io be associated with a2 low density of dislocations aligned in low-
angle boundaries, except in cases where the former density was higher
owing to appreciable plastic deformation having taken place late in the
hisiory oicooling of the crystal, after the network of low-angle boundaries
had become stable. Indivicual dislocations become resolvable in low-angle

boundaries when their separation is about 3 microns. This corresponds io
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a misorientation across the boundary of about 20" of arc. At all lower
misorientations the individual dislocations can be seen distinctly. At
higher misorientations the low-angle boundary appears as a continuous
band of enhanced difiracted intensity, modulated only by the Pendellioisung
fringes which correspond to depth contours of the low-angle bcundary
surface from the crystal faces. (Pendellgsung fringes are discussed in
Section 3.1.) However, these larger misorientations can be directly
rarasured fairly easily by noting the change in setting for peak reflection
when 2 finely collimated beam is reflected by the sub-grains on either side
of the low-angle boundary. A single such measurement gives only one
component of misorientation, that about the goniometer axis; several
crysial seitings must be used to characterise the misorientation fully.
Correspondingly, when the dislocation density in the low-angle boundary is
lov:, topographs of several different Bragg reflections must be taken in
order to show up all the dislocations in the low-angle boundary and deter-
mine their Burgers vectors. Such analyses have been performed on some
low-angle boundaries and it has been possible to compare the misorientations
calculated from the dislocation structure with that found directly from
angular settings of the goniometer. Satisfactory agreement between the two
measurements was obtained (Martin 1965). The segment of low-angle
boundary shown in Figure 2 is typical of those that have been analysed.
Ncte that the dislocatior alignments are somewhat variable in fensity ard
direction; it is necessary to average disiocation spacing over about 20
dislocations to get a reliable figure for density in the boundary. In the
upper parti of the field, the dislocation structure is simple, but when the
boundary bends downwards ir the right of the Figure, the boundary partakes
more of the character of a crossed grid of dislocations. In this reflection
only one set of dislocations ir the grid is visible. Two questions of interest
in the study of low-angle boundaries are, firstly, is the dislocation
structure the simplest that will give the observed misorientation; and,
s--condly, is a fixed misorientation strictly conserved along a low-angle
boundary? The answers found were, to the first question, generally 'yes'.
indeed, there is a marked preference for the simplest structure, the pure

tilt boundary, at any rate among the boundaries whose individual dislocations
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are well resolved. The answer to the second question is 'no'. When a

given low-angle boundary is examined over a length of up to 1 to 2 mm
it is found that the dislocation density and Burgers vector distribution
will change along the boundary, so that the resultant misorientation will
not remain constant but will gradually change, possible by severai
seconds of arc. This implies that the sub-grains on either side oi the
low-angle boundary are slightly warped. Such a finding need not cause
surprise. A non-isotropic distribution of Burgers vectors of the dis-
locations within the sub-grains would give rise to an overall warping of

the sub-grain.

Most of the crystals studied were free from diffraction-contrast-
producing precipitates; but in some crystals grown at the University of
Aberdeen such were present at a low concentration in the bulk of the
crystal. Itis likely that there are precipitates decorating the low-angle
boundaries, but 2 low density of such precipitates would be difficult to
see directly. However, interesting examples have been found in which a
certain amount of low-angle boundary migration has occurred during and
following the epoch of precipitation. Ia such cases the low-angle
boundaries have a zone of precipitates extending on one side of them,
indicating the volume which had been swept by the migrating bourndary. An
example is shown in Lang 1964c (R1C). This observation proves that the
low-angie boundaries have migrated, and it alsc gives an indication of the

stage in the history of the specimen when precipitation occurred.

2.6.2. PRadiation damage.

A wide range of experiments has been performed involving radiation

damage of lithium fiuoride (Lang 1963b, Martin 1965). The damage has
been produced both by X-rays and by thermal neutrons. With both
radiations, the progressive development of damage with increasing dose
has deen followed, and the changes produced by anrealing in various ways,
after various doses, have been recorded. X-ray damage will be discussed
first. Limited areas of lithium fluoride plates were irradiated at room
temperature by the full radiation from crystallographic X-ray generators,

ran at 30kV to 45kV peak. The irradiated area was defined by an aperture

A=
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1n a lead or tantalum shield placed close to the sgecimen. Topographs
were taken before and after various doses. Small doses that produced
a very pale straw colour in the irradiated region caused a faint increase
in diffracting power from the margin of the irradiated area. Higher doses,
which produced a more definite yellow colour in the irradiated area,
produced a more marked erhancement of intensity at the margin of the area,
but still no change in the diffraction contrast within the irradiated area.
The colour, and the enhanced diffraction from the margins, could be
compietely removed by annealing for 2 hours at 4300(:, A notable feature
of this enhancement around the boundary of the irradiated area is that the
intensity is a maximum when the normal to the Bragg plane (i. e. the
diffraction vector) makes a large angle with the periphery of the
irradiated area, and is zero when it is parallel to the periphery. This
relationship was tested with apertures of various shapes. Now diffraction
contrast is produced by a strain gradient within the triangular region
enclosed between the paths of incident and diffracted rays which leave the
point of incidence of the X-ray beam on the crystal surface facing the
X -ray tube. It appears that at low doses of X-radiation the irradiated
volume expands isotropically, long-range order is maintained, and dis-
location contrast remains good. Only at the margins of the irradiated
volume, where the expanded crystal is constrained to match the unchanged
surrounding crystal, is difiraction contrast produced by the strain
gradient lecally present. It is estimated that strain gradients as low as

10-3 to 10"4 per cm can be detected by diffraction contrast.

A marked change in the X-ray diffracting properties of the whole
1rradiated region is produced when he dose is raised suificiently 1o turn
the crystal a deep brown. This dose was achieved by irradiation for 160
hours with a peak voliage of 45kV, a tube current of 18 m3, and the
specimen piaced about 5 cm from the X-ray tube focus. The irradiated
area now diifracted strongly, behaving more like an imperfect crystal,
and diffraciion contrast from individuzl dislocations was largely lost. An
anneal at 450°C for two hours restored the dislocation diffraction contrast,
though some overall intensity enhancement remained. The very strong

intensity enhancement at the margins ci the irradiated area was still quite

.
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non®
strong after this anneal. A further anneal at 780 C removed the enhance-
ment at the margins completely, but it also caused a re-arrangement of
the dislocations within sub-grains, in irradiated and noneirradiated

regions alike.

The findings resulting from the experiments involving neutron
irradiation of lithium fluoride can brieily be summarised as follows.
Crystals irradiated with lO16 nvt showed comparatively little change in
crystal perfection after irradiation provided that they were exarrined by
symmetrical transmission, i.e. with the Bragg planes normal to the
specimen plate. When asymmetric transmission was used, thke entire
topograph showed enhanced diffracted intensity and the contrast of lew-
angle boundaries and individual dislocations was much reduced. This
curious phenomenon was interpreted as being due to a gradient of inter-
plarar spacing in a direction normal to the crystal surface, in its surface
layers. Such a gradieat would have no component to disturb the regular
lattice periodicity in symmetrical transmission, but would have so in
asymmetric transmission. Loss of helium and/or fluorine from surface

layers may be the cause of the gradieat.

Specimens irradiated with 1017 nvt still gave quite fair dislocation
contrast in symmetrical iransrnission although the diffracted intensity
from dislocation-free parts of the crystal was several times higher than in
the unirradiated material. The angular range oi reflection was signifi cantly
broadened: the reflection curve had developed marked 'tails'. At doses
above l()l ‘nvt a2 drastic decrease in latiice perfection is suffered, the integ-
rated intensity rises to a high value and the refiecticn curve is so
broadened that the ay and a, compornents of the Ka doublet can no longer be
resolved. At this and all higher doses the crystal has become effectively
completely imperfect as regards diffraction behaviour. An annealing
sufficient to produce bleaching does not restore disiocation contrast. Not
much improvement in the long-range lattice perfection cccurs until a
temperature of about 700°C is reached. Specimens irradiated to 5X 10 nvt
and lolsnvt were given anneals at temperatures such as 750° and 775 C for

24 hours and then slowly cooled. They then contained a high dexnsity of
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cavities with cube surfaces. A considerable redistribution of the dis-
locations had occurred. In speciinens which had been irradiated to

5X lO”nvt the cavities were 2specially dense in the low-angle boundaries
revealed by X-ray topography, but those irradiated to lOlsnvt contained a
uniform distribution of cavities with no preferential concentration of them
on low-angle boundaries. The X-ray topographs show that there is
definitely no long-range strain associated with the cavities in the annealed
crystals. A careful comparison of dislocation positions mapped by X-ray
topography with cavity positions mapped by optical microscopy showed
that there was no demonstrable tendency for cavities to be locaied on

dislocation lines.

2.7. Magnesium Oxide.

Magnesium oxide crystals from three sources have been studied:
1, crystals grown from the melt in an arc furnace in H. H. Wills Physics
Laboratory, 2, crystals, some colourless, some slightly yellow, grown
by the Nosrton Company, Worcester, Massachusetts, and 3, crystals
obtained from Semi-Elements Inc., Saxonburg, Pennsylvania. The
crystals grown in this laboratory showed a moderate dislocation density,
about 10° lines per cmz, but dislocation contrast was rather pcor, and
there was evidence for the presence of a fair amount of precipitatior. The
Norton crystals exhibited on the whole 2 much higher lattice perfection.
Some specimens possessed large sub-grains with a very low dislocation
density within them. A notable feature of the better Norton crystals was
the polygenal arrangement of walls of dislocations within the sub-grains.
The walls divided the sub-grains into cells aimost :ree of dislocations.
Indeed, some of these cells, virtually dislocatioun-iree, were several
hundred microns in diameter. The mutual misorientation of celis within 2
sub-grain was of the order of one second of arc. Typical misorientations
between sub-grains were i to 2 minuies of arc. Some low-angle boundaries
with a misorientation of several minutes were present. Within the sub-
grains the dislocation cortrast was high and no precipitates were evident.
However, even in the hest Norton crystals, the low-angle boundaries were
found to be decorated with impurities. In less perfect Neorton crys:als

many dislcecation loops 10 to 50 microns in diameter were present,
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together with some well-developed helical dislocations.

The most extensive study was performed on somc peculiar
crystals obtained from Semi-Elements Inc. This work wag dene in
collaboration with the Metallurgy Division, Atomic Energy Research
Establishmert. Harwell, and an account of it has been published {Lang
and Miles 1965, R16). A complete topographic survey and a detailed
Burgers vector analysis was made of a specimen of magnesium oxide
which was one of a batch which exhibit sirings of small light-scattering
bodies when examined under the microscope. Ultramicrographs and
X -ray topographs together confirm that the light-scattering bodies are
decorating dislocations. All dislocations were found to be thus decorated
and hence no dislocation movement had occurred, or fresh dislocations
been introduced, following the epoch of decoration. In this specimen the
average sub-grain size was quite large, an average diameter being about
2 mm, and the angle between sub-grains was quite low, of the order of
ten seconds of arc. The numberof dislocations within the sub-grains was
quite low. but the total length of dislocation line was considerable
because this crystal showed in an extreme form the phenomenon of
extension cf dislocation-line length through dislocation climb, an example
of this process being the changing of straighi dislocations into helices. A
notable feature of the dislocation gecmetry was that these line extensions
were nearly confined in a plane, so that the dislocation was looped back
and forth many times. Considerable effort was made to try and determine
the sense as weil as direction of the Burgers vectors, since this would
show whether climb had occurred through the absorption of interstitials or
of vacancies. Unfortunately, experimental conditions militated against
this determination, and the difiraction evidence was inceonclusive. However,
1t wis possible through the X-ray topographic analyses to decipher some

of the history of the development of this unusual dislocation configuration.

2.8. Aluminum

X-ray topographic studies of single crystals of aluminum have been
conducted intermittently over a period of several years. The crysials

msst studied were prepared by the strain-anneal method. Deitzails of their
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preparation, and the chief results of the investigation, have now been
reported (Authier, Rogers and Lang 1965, R18). Also studied were
crystals grown directly from the melt in a graphite-coated quartz boat
held in a travelling furnace. The melt-grown crystals were found to

have dislocation densities at best only locally as low as 104 lines per cmZ.
However. 1t appears {rom recent work that, with a sufficiently careful
technique. melt-grown crystals can be prepared with dislocation densities
as low as those achieved 1n strain-arneal grown crystals. Revelation of
the very low densities present in some parts of the latter crystals (for
densities as low as a few tens per cm2 were discovered) was a striking

outcome of the X-ray topographic investigation.

A difiiculty accompanying work with very pure aluminum is its
exireme softness and hability to accidental deformation. Many cases were
observed 1n which many dislocations had invaded a volume originally
coniaiming but 2 few. for only a very small stress was required to produce
a catastrophic rnultiplication of dislocations. Szquences of topograpis
taken before and after slight deformations were of interest in showing how
the fresh dislocations spread through the crystal and interacted with the
pre-existing dislccation configuration. The feasibility of performing
investigations of this movement under deliberately produced stresses was
demonstiraied: but for the purpose of investigating the grown-in dislocations
such movements had to be prevented, and special techniques for specimen

handling and mounting were developed with this end in view.

The risk of gross mechanical deformation of the specimen is
lessened when the specimen is relatively thick: in the investigation
specimens 1 to 1 i— mm thick were used. In order to penetrate such
ithick specimens without undue loss of X-ray intensity by absorption it was
necessary to employ Ag Ka radiation. For the better resolution of details
of the dislocation structure it would have been desirable to use a soft
radiation such as CuKa (this follows from the discussion given in Section
1.3.3.). and 1t 1s hoped to perform such experiments in due ccurse.

However. the main features of the dislocation configuration were well

displayed by the topographs taken with Ag Ka radiation. The Burgers
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vectors of dislocations were unambiguously determined; the condition for
dislocation invisibiliy, that g. 13 = 0, applies well under the conditions

of low absorption with aluminum specimens and Ag Ka radiation (g is the
diffraction vector, b is the dislocation Burgers vector). Stereo-pairs

and section topographs enabled the spatial configuration of the dislocations
to be clearly seen. Two noteworthy results of the investigation were the
following. Firstly, a dominant feature of the dislocation configuration is
the occurrence of long lines of coaxial loops. The axes of the loops all
lie exactly along < 110D directions and the Burgers vectors of the loop
dislocations lie parallei to the loop axis. Thus they are prismatic loops.
Loop diameter ranges upwards from 1 micron (the threshold of

visibility) to about 50 microns. Figures-of-eight and helices also occur.
As many as 40 loops have been counted on a single axis, and the total
lerngth of the axis car be more than a millimeter. Several possible
origins for these loops were investigated. It was concluded that they could
satisfactorily be accounted for by the climb of screw segments into helices
threugh absorptior of vacancies, and the subsequent interaction of the
helix with itself or witn a neighbouring dislocation to convert the helix
into a set of coaxial loops. These sets of loops, so it was concluded,
revealed the position of long, straight,screw segments of dislocations
which had constituted a major component of the dislocatior: population

grown into the crystal at the recrystallisation front.

The second major observation was that in unstrained specimens
there was an extremelv low dislocation density within 200 to 300 microns
of the crystal surface. This was attributed to loss of dislocations at the
crystal surface Guring annealing, the loss having occurred chiefly at the
highest :emperaiures {300 to SSOOC) at which the specimen was held. The
configuratior adopted by the {ew remaining dislocations in thie surface
layer supported the expianation of the low density as being due to loss from
the surface. This finding has obvious relevance to the problem of producing
aluminum crystais with very low dislocation density. It also affords a
clear demonstrazion that orly be X-ray topography, using specimens about
i ram thick, can a fair picture of the dislocation configuration in the bulk

material be obtained, in the case of pure aluminum.
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corundum and Ra

Pure single crystals of corundum, Q-A£203, are colourless.
Addition of Cr203 impurity imparts a red colour, and the crystal becomes
a ruby. Single crystals of a-A6203 grown by three methods have been
studied: (a) 'flame-grown' crystals, i.e. crystals grown by the Verneuil
proecess. {b) crystals grown from the vapour, and {c) flux-grown,

chromium-doped crystals. Findings concerning these will be discussed in

the above order.

The crystals grown by the Verneuil process were examinéd in the
form of discs about lcm in diameter and 3 to | mm thick. They exhibited
a considerable degree of lattice imperfection. Not only were low-angle
boundaries with angles of several tenths of a degree present, but within
each sub-grzin the lattice was wavy with misorientations ranging up to
aboui a ienth of 2 degree. Bands of more imperfect and misoriented
materiai appeared to have resulted from the annealing of slip bands. The
dislocation density was of the order of 106 lines per cmz and individual
dislocaulons were resolved with difficulty locally in section topographs and

limited projection topographs.

Crystals grown from the vapour were relatively perfect. The dis-
locaiion density was quite low. Localised diffracticn contrast was produced
by 1nclusions, and evidence cof variations of impurity content was presented

by strain concentrated in layers parallel to the growth layers of the crysials.

The flux-grown crystais, which were chromium doped and ruby-
coloured to various depths, covered a range of lattice perfection. The
1mperfection present. together with its variation from point-to-point
within 2 given crystal, and as between different :rystals, appeared to arise
mainiy irom strain due to non-uniform incorpnration of impurity during
growth. On the topographs there appeared Lines of enhanced difiracting
power of two types. One type was clearly due to disiocations, present
singly or 1n bundles. The visibility of individuals was low; bundies of
dislocauons appeared as a mass of faint, wispy lines. More cleariy
visible wele lines of imperfections ruaning parallel to growth sieps on the

crysial surface. and others trending in the same directions and doubtless
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representing buried growth steps. An indication of the nature of the
latter type cof line was obtalnew by microradiography o~ crystals grown
from a lead-containing flux.  The go0d Zervelation between lines of
strain teen or the diffractinr topagrapls and lines of occluded lead-rich
mate-ial revealed by tke niicroradiographs showed that incorporation of
flux const‘tuents had taken place on an appreciable scale. It appeared
that flux constituents had piled up in front of advancing growth layers

unt:l a whole line of such impurity was overwhelmed by the growing

material and was incorporated into the crystal.

A phenomeron of interest observed in some of the more perfect
flux-grown piatelets was repeated sectorial twinnizg. The plateiets
were parallel to tke basal plane {(0001) in hexagonal Miller-Bravais
indices). In one case a platelet was divided into six 60° sectors, adjacent
sectors being twinned with respect to each other; and in another case the
plat~let was divided into four 90° sectors, with a similar twin relationship.
X -ray topegraphs were taken in which the whole crystal was able to
satisfy the Bragg condition, and also in which on=z or other only of the sets
of twins was Bragg-refiecting. In this way the structure of the twin
boundariec covld be studied. They appeared to be relatively perfect, and

they did not show stacking-fault-tvpe fringe cortrast.

g_._lO. Quar'z

2.10.1. Defects in oscillator.grade quartz.

Experience accumilated from the examination of many specimens
suggests that when a crystal of alpha quariz 2ppears by the standard methods
of visual examination to be cf sufficiently hign quality for use in the manu-
facture of osciilator plates then X-ray topegraphy will show that the bulk of
it has 2 highly perfect lattice; and that in such specimens individual
deiects such as inclusions, dislocations, and twin boundaries wili be
resolvable easily and visible with strong diffraction contrast. It follows
that high-qual:ty quartz is excellent specimen material for use in studying
the diffraction efiects of individual lattice imperfections in nearly perfect
crysials. Added interest, but also increased difficulty of interpretation,

arises irom the faci that quartz can coniain a variety of laitice lefects not
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present in the simple crystals with the diamond structure which also are

available 1n a highly perfect state.

The variety of lattice defects in quartz which has been observed,
and studied withvarying degrees of thoroughness, includes (a} individual
dislocations, {t) growth stratifications, {c) inclusions and precipitates,
(d) twin boundaries and (e) fault surfaces other than twin boundaries and
growth stratifications. These will now be discussed in the order in which
they are lisied above The accounts presented will be quahitaiave only,
and will no: atiempt to recite the mass of experimental evidence
accumulaied. The analysis of this evidence 1s 1n most cases still in
progress, and in some problems there still remain gaps in the evidence
waiting io be filled. Where crystallographic description of planes, zores,
etc. is required, it will be given by reference to hexagonal axes, and the
full Miller-Bravais indices will be quoted. It is necessary to bear in
mind that some confusion has reigned concerning the orientation of the
Milier-Bravais axes of alpha quariz. The history of this confusion, and
recommendations for correct practice in notation have been given by Lang
(1965t). All that neud be here said is that [ndices of the major rhcra-
bohedron of quartz. r, are the form {IOTI} . and of the minor rnombo-

hedron. z, are {01!.1} .

Cuartiz specimens have been examined in the shape of ground,
polished a2rd etched plates, ranging in area irom 10 mm sguare to 20 mm
square and in thickness from 0- 3 mm to 153 mm. Plaie orientations
roughly or precisely parallel to the AT and BT osciilaior plate cuts were

. - o . . st -
generaily used: the AT cut is 3 off 2 minor rhombohedrai plane and the BT

.0 -
1s 11 off 2 major rhombohedral.

Dislocations. Grown-in dislocations in quartz may be ‘clean’ or
q ) ]

‘dirty'. The dirty dislocations are those obvicusly decorated by precipi-
tation of impurity. The decoration may so modify the strain-field of the
dislocation a2s to make inapplicable the usuzl rules for variation of dis-
location visibility with angle between diffraction vector and Burgers vector.
Sometimes exceptionally strong diffracticon contrast arises {rom the sirain

in ihe quariz mairix produced by precipiiates on the dislocations. Of
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special interest are dislocaticas which are only obviously decorzied along
part of their length, and in which the precipitated phase 1s visible
opucally 1t can then be demonstrated that the '‘needles' fammbiar in
optical examination of quartiz are decorated dislocatiens. It has also
been demonstrated thai the etch tubes familiar in studies of the ciching
behzaviour of quartz are located on dislocations both clean and dirty.
Clean dislocatiors are defined as those whose visibility rules are not
manifestly modified by sirains introduced by precipitaiion. and upon
which precipitates cannoi be detected by any optical techmque This does
not 1mply that ithe dislocation is free from 1mpurity on an aiomic scale.

it 1s unlikely 10 be so clezn. hslocations are sometimes quite stra:ght,
somelimes they appear as long helices. and sometlimes they are coled in
a2 very irregular fashion. Coiled distocations are generally diriy. Clean.

traight dislocaiions are chosen for siudy in experiments to determine

[

o

urgers veciors Alany itopographs musi be compared in order to deier-
mine the Burgers veciors with certainty. The mosi common Burgers
vecior is in the direciion of one of the iranslaiion veciors in the basal
plane- ii can be assumed that its magnitude is equa! t0 the umi trans-
latzon. 2. and 1s equal 10+ 91A. A munority of dislocations have a
Burgers vecior wiih 2 component parallel io the c-axis: they appear to

have Burgers vecior equal to the vector sum (2 + c¢). 7-3A.

Growih siratiiicauicns. Iin common with many crystale, quariz

exhibiis bznds o! increased difiracting power in lavers lying in surfaces
which once were the exiernal faces of the crysial at some stage in 1is
growin. In some specimens such layvers may be iraced across more than
one growih secior. say irom a major rhombohedral growth secior. round
the secior boundary. 1nto 2 miner rhomohedral growth secior. i{ e
seciion of the enlire speaimen could be examined. 1t :s hikely that a ziven
laver could be iraced compl:iely round the crystal. covering all grow:ng
taces. These layers form a valuable record of the growth hisiory. ikey
catn snow. fer example. how the relzative development and relauive raies
of growin of ine various faces varied during the developmeni of the
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turn produced the diffraction contrast cannot be established by X-ray
topography. Possibly electron-probe X-ray spectrographic micro-
analysis might achieve ideatification. Some specimens are completely
filled by growth stratifications, in others only a few discrete horizons
are thus marked. In a region where no stratifications are visible in
strong, low-order Bragg reflections, they may become visible in weak,
high-order reflections. This results from the greater sensitivity of
weak reilections to the 'interbranch scattering' which causes enhanced
diffracted intensity in the low-absorption case {see Section 4). If at a
particular horizon a strair gradient both strong and localised is present,
strong interbranch scattering cccurs a* this horizon. Stacking-fault-type
fringes are then produced which run as thickness contours in the wedge-
shaped volume between the surfaces of the specimen plate ard the growth
horizon wnere the scattering has occurred. Careful observation is
necessary to distinguish between a set of such fringes due to scattering
at a2 single horizon, ard the irdividual images of a set oi regulariy spaced
growth horizons revealed by weak interbranch scattering. Zven when the
associated strain gradients are too low to produce increased diffracted
intensity through interbranch scattering, growth stratifications may still
be detected by the bending of Pendell'c')sung fringes they produce in the
section-topograph Pendell8sung fringe pattern (this phenomenon 2lso is
discussed in Sectior 4). When regularly spaced growth stratifications
occur throughout an apprecizble volume of crystal they indicate a rhythm
in the rate of growth. it is tempting to speculate that this rhytkm may be

s widespread, naiurzl one, suchk as that due to earth tides.

inciusione and precipitates. Al the diclocations which originate in

the crystal volume contained in the specimen plates examined by X-ray
topography are observed to crigirate {rom liattice closure errors at
inclusions 1ncorperated during growth. 1Ii is likely that the great majority
of dislocations found running térough specimen plates, and whose point of
arigin is remote from the specimen examined, originated in this manner;
thuugh it should be noted, however, that an association of disiscation

groups with the Joci of junclivns of fzult surfaces such as those discussed

he

celow may indicale & raore comglex corigin for some dislocaticnie. On
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other hand, not all inclusions which make themselves visible by their
strain fields 3o generaie dislocations. Quartz is similar to diamond in
this latter respect. An imieresiing case has been found in which certain
growth horizons are marked by a relatively high incidence of inclusions
only a minority of which produce bundles of dislocations that stretch out
from the inclusion in the direction of advance of the growth surface. No
case of the punching-out of dislocation loops by precipitates has been
observed so far. Sirong precipitation on the grown-in dislocations, with
absence of detectaktle precipitates in dislocation-free regions,is a frequent

occurrence.

Twin boundaries. The commonly observed twin boundaries in quartz

are those separating twins which have been generated by the Dauphiné or
Brazil Laws. The Dauphiné Law is a rotation of 180° about the c-axis:
this reverses the piezoelectric polarity and is 'electric twinning'. The
Brazil Law is 2 reflection in {1120} » i.e. in prism planes of Type II.
This also changes the piezoelectric properties, and by changing the
structural hand, the sense of optical rotation is also changed, and ‘optical
twinning' is produced. As long as Friedel's Law is obeyed (i.e. equal
diffracted intensity from reflections hk€and hk€ ), equ-1 diffracted
intensity will be produced by crystal voiumes on either side of a Brazil
twin boundary. The boundary itself is detectable on X-ray topographs
because of the difference in phase of the amplitude of the diffracted waves
produced by crystal on either side of the boundary. This phase jump may
arise ir part from an anomalous interpianar spacing at the boundary due to
the abnormal crystal structure there, and in part from the reversal of
phase resuiting {from the twinning operaticn of reflection periormed on the
non-cenirosymmetric guariz structure. The iatter contribution to the
phase jump can be calculated frorn the known siructure of quartz, =sing the
familiar structure factor expression employed in X-ray structure analysis.
The formser contribution to the total phase jump, that due to the anomalous
spacing. should thes: 52 determinadis. within certain experimentai limits
and subject ic ithe usual ambiguity of addition or subtraction of 2ns. The
deiermination can b2 made from siudies of the variation of diffraction

conirast of ihe boundary in different Bragg reflections. The type of
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diffraction contrast produced by the boundary as that of the stacking-
faul: fringe pattern. If in any reflection the fringe system is vanishingly
weak then the total phase jump for that reilection is + 2nw (n being an
integer or zero). In the case of Dauphin€ twin boundaries, fringe
systems also appear at the boundary, but there may also be large
differences in intensity of reflection from the crystal volumes on either
side of the boundary, and these occur under the usual conditions when
Friedel's Law is obeyed. They arise because the reflections hkif and
hkil , which are produced respectively by the two volumes related by the
Dauphine’ Law, may have quite different structure factor moduli, 2lihough
their interplanar spacings (and hence Bragg angles) are the same. An
extreme difference occurs with the pair of reflections 3031 (very strong)
and 3031 (very weak). Topographs taken with these two reflections may
be used to detect smzl! volumes of Dauphine'-twinned material. To
produce a difference in difiracted intensity from crystal volumes on
either side of a2 Brazil twin boundary, on the other hand, requires con-
ditions under which Friedel's Law 2o longer applies. Such coaditions can
be achieved through anomalous dispersion, in the case of ceriain pairs of
refiections; and if CrKa radiation is used the intensity difference may be
quite easily detectable. The delineation of both Brazil and Dauphine
twinning by topographicaily recording different diffracted intensities from
each member of the twin pair has been demonstrated by Lang (1965c).
However. for the purpose of studying the phase jump and the topography of
the composition surface at Dauphiné twin boundaries it is desirable to use
reflections which produce equal diffracted intensities from crystzal on

either side of the twin boundary.

it is known that traces of Brazil twin boundaries revealed on
crysial surfaces are usually straight, whereas those of Dauphiné
boundaries are irregularly curved. This macroscopic difierence has been
confirmed by X-ray topography. Projection topsgraphs show that Brazil
twin boundaries may be flat and oriented parailel to low-index lattice
planes such as the major and minor rhombohedral planes. If steps on a

fine scale are distributed over Brazil twin boundaries then they occur on
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a smaller scale than can be resolved by X-ray topography (less than
about a micron in height). In the case of Dauphiné twin boundaries the
situation is quite different. The X-ray topographs have revealed that
Dauphiné twin boundaries lying in certain mean orientations are stepped
on a fine scale, down to the topographic resolution limit. This fine
structure is not described in the standard works of reference. Indeed,
twin boundary steps on the scale of a few microns would escape notice in

the usual method of delineating twin boundaries by etching crystal surfaces.

Regarding the phase jumps at twin boundaries, only a limited
amount of data has so far been acquired. It has been found that the phase
jumps evident in 2 given Bragg reflection depend upon the orientation of
the twin boundary, in the case of both Brazil and Dauphiné twinning. In
the latter twinning, the dependence of phase jump upon local boundary
orientation is strikingly manifested. For example in a stepped Dauphine’
twin boundary, diffraction contrast from one of the step suriaces may be
strong and from the other be zero, in a given Bragg reflection. In the
reflections from the basal plane, reflections 0003 and 0006, difiraction
contrast from Dauphine’ twin boundaries in all orientations is very weak or

Zero.

Other fault surfaces. The most surprising discovery accruing from

X -~ray topographic studies of good quality quartz crystals has been the
prevalance of well-defined fault surfaces giving stacking-fault-type fringe
contrast, such fault surfaces separating crystal volumes which are
apparently highiy periect and which maintain parallel orientation with each
other. The best developed {ringe patterns are often exhibited by fault
surfaces whose nature is at present little understood, for the surfaces now
under discussion are not in general paraliel to growth herizons. Neither
are they identifiable as twin boundaries, though the possibility exists that
some of them may be boundaries of thin twin lamellae. The unexplained
fault surfaces may be flat or they may be irregular. The flat surfaces do
not necessarily coincide with low-index planes; indeed, some flat surfaces
are describable only by high indices. Some fault surfaces do have a simple
topographic rationale: they lie in the boundaries of growth sectors (such as

the boundaries between majior and minor rhombohedral growth sectors,
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for example). These sector-boundary fault surfaces appear in crystals
which also show growth stratifications. it may be that they develop only
above a certain impurity concentration. Another type of fault surface 1s
also topographically understandable. These occur 1n synthet:c quartz
crystals and are found 1n material which has grown on a surface roughly
parallel to the basal plane. (0001). They are associated with the mode of
cellular growth on basal planes that gives rise to the rough external
crystal surface known as the ‘cobble’ texture. Combined opticail and

X -ray topographic examiration has shown that the fault surfaces lie in the
boundaries between growth cells, and they consequently outcreop zt the
external surface at the grooves between cobtles. Since 1t 1s known that
the degree of development of the cobble siructure is proporuonzl io the
amount of aluminum 1mpurity present, it is reasonable to suppose that the
anomzlous interplanar spacings that produce the fauit surfaces in the cell
boundaries are due to a locail high conceniration of the 2luminum impunity
The relationship between these fzult surfaces and the grown-in dislocaiion
population has been studied: there is a tendency for disiocations to lie in.

or close to. the fault surfaces.

Among the fault surfaces whose significance is not readily revealed
by their topology on the topographs, several types may be distinguished.
A rough division may be made into 'strong' and ‘weak® surfaces. The
strong suriaces give rise io an excess difiracted intensity in addition to
that pertaining to the fringe system. This excess appears due to latlice
curvature where the iault suriace ouicrcps the surfaces of the specimen
plate. Such curvature arises {rom the relief of stress in the fault suriace
At the other exireme. the most 'weak’ suriaces are those that are reveaied
only 1n high-order Bragg reifiections. Another division may be made 1into
those fault surfaces which may be revealed by etching and those that cannot.
Some stromng fauli-surfaces are very rapidly etched out by both hydrofluoric
acid and by sirong alkali. Occasionally these strong. easily eiched fault
surfaces are visible optically as 2 faint film. A possible explanation of
the ifault surfaces i1n natural quariz that are not sector boundaries is that
they nark boundaries of parallel ¢rystal growths that have become

included :n the main crystal.
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2.10.2. Amethyst quartz.

Alpha quartz is generally classcd as amethyst on the basis of its
colour, though this can range through quite a variety of tints, from a
deep to a pale violet, or from a "pure' violet to a reddish or brownish
violet. Only rarely do large volumes of crystal exhibit a uniform tint, and
it is comrnon to find the coloration concentrated in bands parallel to the
major and minor rhombohedral faces. These bands correspond to growth
lavers, and, as such, their distribution is generally similar to the growth
stratifications that are found in good-quality quartz by X-ray topography
{described abovs in Section 2.10.1), cr which can sometimes be revealed
by selective colararion after irradiation. A characteristic feature of
amethyst coloration is its concentration in certain growth sectors,
Comrnonly it is more inlense in the major rhombohedral growth sectors
But the most remarkable preperty of amethyst is the occurrence in many
specimens of reguiarly repeated Brazil twinning in the major rhombo-
hedral growth sectors. This was first described by David Brewster in
1819, whose paper and drawings on the subject (published in 1823) remain
to this day the best description of the phenomenon. The width of the twins
ranges typically irom about 50 microns to a few tenths of a millimeter.

This polysynthetic twinning is also fourd ir crystals which do not have the

characieristic amethyst colour. Its manifestation both visually and in X-rav

topographic examination does not appear to depend upon the colour of the
crystal. An optical, X-ray topographic and microradiographic study was
made on a basal-plane slice 6f crystal containing the zmethyst structure of
repeated twinning in the major rhombohedron growth sectors. The crystal
was in fact colorless, and may have been a bleached amethyst. The
results of this study have been published (Schlossin and Lang 1965, R14). A
few remarks may be added here to supplement that paper, taking into
account additional, more recent observations. It is notatle that amethyst
quartz, inspite of a high dislocation density and a relatively high impurity
content, maintains excellent long-range parallelism of its crystal lattice.
Direct measurement of angular settings for peak Bragg reflection across
crystal sections up to 2cm in diameter, and, more sensitively, the

observed straightness of Authellungen over these distances {see Scction 3. 2)
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demonstrate that misorientations in these crystals do not exceed a
second cr so of arc. In comparison with oscillator-grade quartz the
visibility of individual dislocations is poor unless they are strongly
decorated. This poor visibility of individuals, combined with the
relatively high dislocation density, rendered it not feasible to attempt
Burgers vector determination of individual disiocations. Where Brazil
twin boundaries occur singly, as in the minor rhombohedral growth
sectors, they can be detected topographicaliy but do not show the fault-
suriace fringe pattera that they dc in good crystals. In some of the morse
perfect parts of amethyst cryctals (i.e. in parts of minor rhombokedral

growth sectors) weak Pendeli'c;sung fringes may be seen.

Once again, as in the studies of synthetic diamond (Section 2.2.),
and of ruby (Section 2.9.), microradiography has proved an informative
comparnion technique to diffraction topography. The excess concentration
of iron impurity in the major rhombchedral growth sectors was demon-
strated, and, within the latter sectors, its concentration in the iinperfect

lamellae featured in the diffraction topographs was also reveaied.

The fine details of the X-ray diffraction contrast associated with
the twin lamellae in the major rhombchedral growth sectors is best
interpreted as being due to a rather high density of decorated dislocations.
The degree of decoration depends upon the distance from the twin boundary.
The diffraction contrast is most intense in the general vicinity of the twin
boundaries, but examples have been found where the diffraction contrast
has a bimodal distribution with its central minimum located just at the
boundary (as far as can be determined with s resolution of a few microns}.
The lines best described as 'brush marks’, which are strongly believed to
be decorated dislocations. take a sinuous course passing through tne twin
lamellae. Their orientaticn is determined both by their location in the
growth sector arnd by the order of change of hand a: the twin boundary

(i. e. dextro to laevo, or vice versa).

The evolution of the system of polysynthetic twinning during the
growth history of the crystal may be divided for convenience into the

'juvenile’, 'mature’', and 'senile' stages. It is in tie mature stage that

3
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the structure is most beautifully developed. Then the twin boundaries

depart little from the [0001] zone and are most eas:ly stuaied both
optically and X-ray topographically. Polysyntheticly twinned amethyst
crystals are often terminated by a cap of normal untwinned growth
which may be colorless. A change to such a mode of growth. which may
invade the growing surfaces irregularly, together with the decay of the
regular twinning system, is characteristic of the senile stage. There
is reason to helieve that the juvenile stage is relatively brief compared
with the mature stage; 1ts details have not yet been studied by X-ray

topography.

2.11. Organic Crystals.

The X-ray topographic experiments that have been performed so
far on organic crystals do not amount to more than a preliminary
reconnaissance of the field, but they have provided pointers to a hikely
profitable area for future X-ray topographic activity. Two out of the three
crystal species examined were found to produce specimens 1n which at
least some parts of the crystal had quate pe:rfect lattices so that strong
diffraction contrast was produced from groups of dislecat:ons and other
localised centers of strain. This observation 1s of interest in showing
that crystals composed of large mclecules can be free of laitice defects
just as simple structures and crystals of the elements can be. The low
absorption of X-rays is one feature that makes organic crystals convenient
for topographic study, but this advantage is offset by several difficulties.
The extreme softness of organic crystals makes them greatiy prone to
deformation, and they are difficuit to mount rigidly for examination w:thout
deforming them by the adhesion of wax or cemeni. In addition. their large
coeificients of thermal expansion increase the probability of drift off the
angular setting for peak reflect:on during exposure. Most organic crystals
deteriorate under X -irradiation, but it has not yet been determined how
long such crystals will maintain their lattice perfection under the relanively
lew radiation level involved in X-ray topegraphy. The fact that good
topographs have been obtained is encouraging. Another difficulty with

organic crystals is their generally low values of iniegrated reflection
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compared with those given by the simplest structures. Not only does

this weak reflacting power require long expcsure {imes. but it also means
that images of individual dislocations are very wide and hence the topo-
graphic resolving power for separating dislocation images is poor. (This
inverse relationship between strength of reiflection and width of dislocation

images is discussed in Section 4. 2).

The iirst organic material studied was a very large single crystal
of sucrose. It measured 30 mm X 20 mm X 10 mam and was exam:ned in
transmission through its 10 mm thickness using AgKa radiatio:. Strong
diffiraction contrast was observed from lineage structures, but it was not
possible to resolve individual dislocations. Some interesting growth
features were secsn; for example, in one part of the crystal there appeared
a discontinuity in texture at a certain growth horizon following which a

columnar texture developed.

The second organic material studied was the high-expiosive RDX
(Cyclotrimethylenetrinitramine). Many crysials were studied ore to two
millimeters in diameter. In the better specimens a pattern of linear
defects radiating from the center of the crystal was observed. These
were interpreted as grown-in dislocations radiating irom the crystal
nucleus. The dislocation patiern was very similar to that exhibited by
many diamonds. In fact topographs of RDX could well have been taken for
those of not very perfect natural diamonds. The interpretation of the
linear defects as dislocations was reinfo:ced by an examination cf the fine
structure of the dislocati~r: images. In both projection topographs and
section topographs they were found to have the double-peak proiile
evident under certain diffraction conditions in dislocatior images in diamond,
silicon and other simple structures. The whole dislocation image intensity
profile will be wider, and hence its double peak more easily resolved, in
reflections whose structure factor is small, such as the reflections from
RDX. Dynamical diffraction effects such as Pendell'c;sung fringes, and the
disturbance of the fringe pattern by long range strains, were also observed
in RDX crystals. These observations clearly indicate that, at least in part,

these specimens behave as perfect crystals.
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Crystals of hexamethylenetetramine have also been examined.
These molecular crystals have a body-centered cubic lattice with cell
edge equzl to 7 02A. They exhibited images of individual dislocations

and also Pendellgsung fringes, both with good d:ffraction contrast.
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3. X-RAY DIFFRACTION PHENOMENA IN PERFECT CRYSTALS

3.1. Pendellgsung Interference.

Suppose a plane wave of monochromatic X-rays falls upon a
perfect crystal at an angle that exactly satisfies the Bragg cond:tion for
certain lattice planes that are steepiy inclined to the crystal surface.
Then, with Bragg planes so oriented, both the Bragg reflecied waves and
the incident waves are directed into the crystal. Now 1t is an immediatie
consequence of the assumption of a 'periesct’ crystal. which, by defimuion,
maintains throughout its volume an ideal pericdiciiy of 1is laitice. ihai the
coherent addition of the contributions of reflections irem :ndividual Bragg-
reflecting planes to the resultant amplitude of the Bragg-reilectied wave
can build up th1s amplitude to a value comparable io that ¢f the incident
X-ray beam, and such build-up may occur within & short disiance irom
the suriace ai which the incident X-ray beam enters the crystal. Feor
example, in the case of the 220 refiection ir silicon, using Ag Ke rad:iziion.
the amplitude of the wave reflected by a single Bragg plane 1s the iraction
1
<=7 x 107
of the incident amplitude, when the Bragg condition is sztisfied. Thus i1
may be estimated that after reflection 2t 70,000 Bragg planes. which
correspond to a crystal thickness of only 14 microns, the amplitudes of
incidrnt 2nd diffracted waves would be abcut equal in magnitude. The exact
calculation of the amplitude ratic of diifracted to incident waves. which
must be in dynamical equilibrium with each other to conserve energv. 1s
provided by the dynamical theory of difiracticn. {Geod English-language
summaries of this theory have been written by James {1948) and Batlterman
and Cole {1964)). The result that might be anticipaied irom the idea of

beyond

e

dynamical equilibrium between incident and diifracied waves. iha

Mu

some depih below the X-ray entrance suriace the energy flow in a2 crysia

exactly satisiying the Bragg condition is equally divided beiween ithe

directiions of incident and diifracted waves, is found 1o be irue only when an

average is taken over a depth interval § , known as the extinction distance
g

{or extinciion period). Within one extinciion per:od, the energy-ilow

directionr makes z complete oscillation between ilie one exireme of {icwing

purely along the incident beam direction znd the other of purely along ite




diffracted beam direction. When the Bragg plane is normal te ike X-ray
entrance surface of the crystal, i.e. when diffraction conditions are those
of the 'symmetrical Laue case’, the relation beitween §g, q, and the inter-
planar spacing d is

§ = = (),
g q
and for the case cited above, the 220 reiflecticn of Ag Ka by silicen,

& = 44 microns.

g

When Bragg reiflection occurs in a perfect crystal, waves
travelling in the incident and diffracted beam directions are each spiiz
into two component waves with slightly different phase velocities, one
velocity being slightly greater and the other slightly less than the phase
velocity as given by the usual expression for the refractive index. Thus
the incident and diffracted waves in the crystal each contain two siightly
different wavelengths. It is the interference between these slightly
different waves that causes the energy flow to oscillate between the incident
and diifracted beam directions. This oscillation is analogcus :o the trans-
fer back and forth of kinetic energy between 2 pair of coupled pendulums:
the solution to the dynamical cGiffraction problem cobtained by Ewald in
1917 which displayed the oscillaticn was consegqiently termed by him the
'Pendell'ésung the penduium sod:iuticn. Thke various waves propagating in
the crystal 2t or near Bragg reflecticn are convenienily represented in
reciprocal space {k-spacs) by wave vectors drawn to the wave surface
(dispersion surface, constani-irequency suriace) appropriate to the
frequency of the monochromatic X ~-rzdiation used in the difiraciion

experiment. {A ceriain convention for drawing these veciors azs been

e,
¢
fa
"
2.
fe

sciul in discussiag diffraciion problems, is genrrally aczepted, and

A measurve of the difference in wavelcngths betwesz the componen: waves
in the pair ¢f waves traveliing eilther in the inciden: er diffracter beam
direciicons i1s given by the degree of splitting of the dispersion suriace at

e Brilicuin zone beundary corresponding !0 ithe Bragg refleciion whickh

is active. Indeed, in the symmeirical Laue case, the extinction distanze,
§g’ is just the recigrccal of the minimui: separztion, D, of the two
e T I R A YT NI T T e - -
- . e -

is described in the reviews by Jzmes {1948) and Batizrmaz 2ad Cole {1965).)

b §
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branches of the dispersion surface at the Brillouin zone boundary 1n

reciprocal space. in terms of familiar quantities. this

B,

p
™ I e‘- 1 A F
D ={—5j
mc. wVcosO (2).

8 being the Bragg angle and V the volume of the unit cell. (Actually a
complicaticn arises through the two states of polarization of the X-rays,

the & staie in which the eleciric vector 1s perpendicular to the plane of
incidence and the 7 state in which it lies in the plane of incidence. The
expression (2) applies to the o0 state: the dispersion surface for the = waves
has 2 minimam separation of its branches equal to CD. where C = gr.os?_al.
The topic of polarisaiion is more fully discussed below, and in Hart and

Lang (1965), R15). The extinction distance is tae depih periodicity cf tke

1oy

o - - - -
Pendeilosung oscillations, measured norm:a!l to the X -ray entrance suriface

of the crystal. The distance D is measured pzraliel te the Srillouin zcne
boundary, i.e. parzllei tc the Bragg piane. Hence icr asymmeiric trans-
mission, when the Bragg plane iz not normail to the X -rzy entrancs surisce,

2
z

the simple relation between tg and D ifor the symmetrical Laue case,

§ = iD {32}
3

must be modified for the asymmetric Laue case 1o be

- feost : :
gg = ‘-o-ﬁocosag) / cos® {3b).

where 8, and 9g are the angles between the normal 10 the X-ray enirznce
surfzace and the direc: and diifractec beams, respecuively.
= P 3 . & * gt 3 3
X-ray Pendeliosung rhencmena wers first studied by Kato and Lang

(1959). They tock topograrks of wedge-~shaped specimens of perfect

Poty

crystzls. On the topdgraph irmzge of the wedge. fringes appear parzllei to
the wedge axis. The {ringes correspond to intersections of the X-ray exit

rs - = - -_ = - b1 4
suriace 2f the wadge with the depth contcurs given by the Fendeiiossung

oscillazion «f energy fiow Getween the direct and diffrac. a1 team directions.
iopographs arnd
'direct-beam’ {opographs of the same specimen demonstrated that the

iringe paiterns in the two types of topograph were cemplementary. A

- - - -~ 11 - - -
recogrisable manifestation of Pendeliosung phenermena in any part of a

T AT S -»J"Q.:'&Z‘-_g’.‘;,yz‘:l\,.: P - S C ol ; =T S - =

eparation is given hy
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crystal is taken as a criterion of cry 1l perfection: it can only occur
wien direct and diifracted waves have comparable amplitudes, and a good
measure of coherance behween ihe diffracted rays is maintained over a
distance of the order of zn extinition distance. Conversely, when any
interface ¢r imperfecticn occurs in a perfect matrix so that phase
reiztions are abruptly digturbed and 'interbranch scattering' occurs, the
irtensity scatiered into the diffracted beam will depend upon the local
phase of the Pendeliosung osciilation. Hence a depth-dependent periodic
irtensification cf blackening will cccur in topograph images of the imper-

s a familiar feature in images of low-angle boundaries,
fault surfaces of any type, and also of dislocations.

When the Per:-:!e’.!::;sung fringe spacing on topogrzaphs of well-defined
wedges i3 measured, ali the quantities are known, or can easily be deter-
mined, which relate this fringe spacing with the extincticn distance, and
hence with . Then, from equation (2j, the magnitude of the structure
factor F can be determined absclutely. The technique of accurate, absolute
measurement of strucitire factiors by measurement of Peudellasung fringe

spacings bhas been developed to a high degree of refinement by Professor

Kato and his osileagues. In studies of crystal imperfections such as have
11

deen described in this Report, Pendellosung fringes have been found very
usefal in 2 more prosaic appiication, the reverse of that just cutlined.

This is the determination of specimen thickness from the order of Pendelid-
sung interference, the struciure factor being known. Such a measurement
requires knowledge of the relation between the extinction distance ané the
specimen thicknesses for maxima ard minima of Pende}ﬁ:;sz;zag irin
projection topographs. A number of interesting and significant thecretical
DOints are involved in this relation; just one of these need be menticned
hare. It was ithe mzunifestation of 'hook-shaped’ Perdellosung friages in
section topegraphs of wedge-shaped crystals that demonsirated that ihe
accepted 'plare incident wave' diffraztion theory for perfect crystals 2id not
apply in the practical cenditions cf topegraphic expariments. Tke xpian-
ation of these {ringes was cbtained through the 'spherical incident wzve'
theory developeé by Kato {1961) {summarised by Katoc {196 2aj). One resul:

ci Kato's calculations was the demonstration that jor integrated intensiiies,
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as recorded on projection topographs, the plane wave theory and the

spherical-wave theory make simiiar predictions. The expression tor the

mh
~

niegraied intensity, as a function of specimen thickness, takes a fairly
simple form when it 1s assumed that X-ray absorption in the specimen 1s
negligible, the geometry is thai of the symmetrical Laue case. and no
distinction need be made between the contribution of waves in the ¢ and =
polarisation states. (This last assumption s valid when Icoszal:s laztle
less than unity). The integrated intensity, R, irom a perfect crystal of

thickness it may be written
2atD
R = 3=Dd f Je(x)dx ()

A plot of R versas the upper limit of the integral {such appears 1n the 1cxt
by Zachariasern {i245)} cshows 2 steep rise. initiaily linezr. up to the
first ma:dmum.x.'oll wed by osciilations whoese ampliitude decays propor-
szliy to {tD} 2. Table 3.1.3. gives the intensit:es {normaiised) oi the
maxima and munima. and the specimen thicknesses at which they cccur
{expressed as muliiples of the extinction distance), calcaulaied from

egustion {4}.

Reianive tniensitias and specimen thicknesses for Pendeliosung maxima
and minima or projeciion tegograpns, zere absorpiion. symmetrical

L,aue case.

interfereace order Normaiissd intzosity {R/zDd) Specimen thickness
(i g )
g
st max 0.73% 9. 382
st min Q. 5324 f.878
2rG max 0.634 1,377
Zoe} min 0. 383 1.876
376 max 6. 603 2.3%6
3rd min .36 2.8706
2th max 9. 38+ 3.3%7¢
4t min ¢.3:9 3. 87¢
Sth max 5.97% 4,376
5th min 0.1z8 4 8§76
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It will be observed that the first Pendellgsung maximnum occurs at a
specimen thickness just larger than % §g, but that after the first
Pendell'(;sung minimum the fringe depth period departs negligibly from

§ g For determining the actual specimen thickness. Table 3.1.A is
used together with the calculated value of the extinciion distance. Some
typical values of the extinction distance, for the symmeirical Laue case,

are listed in Table 3.1.B.

Table 3.1.B.

Representative values of extinction distance {symmetrical Lauve case}.

Crystal, reflection, radiation. § . microns
g
Diamond, 220, MoKa 48
" " CuKa 27
Silicon, 220, MoKe 36
141 440' 17 éﬂ
LiF, 111, MoXKe 52
" 200, - 33
a-Quartz, 1011, AoKa 15
" 00@3’ ot 205
a-iron, 110, AgKe i3
" *  CoXa 5-7

In many difierent studies of crystal imperfections 1t has been
found mosi useiul :0 be abie to measure the thickness of 2 non-uniform
specimen at 2ny pcint by rmeans of the Pendellgsung fringe contours. ror
the lower orders of interference, as listed in Table 3.1.A.. znd witn the
lower values of extinction distance among those given in Table 3.1 B., 1t
is cuite possitle 1o measure specimen thickness with:n 2 range of plus
Gr minus one Or WO Mmicrons. 1his is better than could be obtzined by a
mechanical thickness gauge, and is, moreover. achieved witkhaa® any

damaging physical contact with the specimes.

appreciavly,ar 2nhznced
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Borrmann effect. (This is discussed further in Section 4.1.) The
formula fo: the integrated intensity becomes more complicated than that
given in equation {4}; an expression for it which can be easily compared
with equation (4) has been given by Hart and Lang (1965). The positions
of Pendellzsung rmaxima and minima are not significantly altered by
absorption. However, the relative modulation of the difiracted intensity
by Pendellgsung fringes is less than that in the non-absorbing case as
calculated irom equation {4) and recorded in Table 3.1.A. Although the
average level of transmitted intensity falls off with increasing specimen
thickness ai a rate less than that expected from atteruation by normal
absorpnion, exp(-ptsec8), through operation of the Borrmann effect. the
oscillatory componernts of R, both for orand = waves, do have this normal
attenuvation. Since the visibility of Pendell!c;suag fringes is used as a
qualitative indication of crystzl perfectaion, and could possibly be used as
a quantiiative "perfection index', it is important i¢ take into account the
influence of the Borrmarne effect on the Pendellosung modulatien oi

diffracted intensiiy.

There is anotker effect which can modify Pendellosung fringe
viribility profoundly. This arises from the polarisation factor, C = lcosZO}.
Tke fringe sysiems due to the 0 and = waves have Pendellosung periods in
the ratic I to cos 28 , and the observed intensity is the sum of the
intensities of the two fringe systems. For higher Bragg angles, the o
and 7 {ringes will get out of step every few Pendell'c';sung periods. and the
resultant iringe system has a complicated prefile with periodic 'fading' of
fringe visibility. Evenr when cos20 differs not greatiy irom unity. as in the
220 reflection of Mo¥c by silicon {cos28 = 0-93), the large rumber of
orders of Pendellosung interference tha:i can be observed in such periect
crystals {orders up 0 45 - 53), allow fading to zero of fringe visibility to
occur four oy five times, the interval between visibility minima being 14
Ferdellosung iringes. Cleariy this fading is important whether the iringes
are being used in accurate determinations of ¥ or as iad:cations of lattice
-~~riection. The thecretical and experimental aspects of polarisation
fading have been discussed in detail by Hart and Lang (1965). R15. in this

work it was demonstrated experimentally ttat {ringes free from fading
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could be obtained by the use of a plane-polarised incident X-ray beam.

m can be obtained by refiection at a single crystal, choosing a

r which cosZ8 = 0.

¢

3.2. Coherent Simultaneous EKeflection.

The aim of crystal structure determinations by X-ray difiraction
is to find the distribution of electron density throughout the unit cell of the
crystal. This distribution can be represented by a three-dimensional
Fourier series, and it will become determined when the amplitudes and
phases of the Fourier components are known. The X-ray structure
factors are the required Fourier components. But as long as the
structure factor, ¥, is derived from a measurement of i1ntensity of a
Bragg reflection, or even from a measurement of a Pendellosung iringe
spacing, oxnly its modulus ]FI can be found, the phase remaining undeter-
mined. This 1s the essence of the 'phase problem' that has been a central
theme in X-ray crystallography for fifty years. There are certain ways
of finding experimentally the phases of at least some Bragg reflections
given by a structure. The most successful of these methods employs the
'isomorphous replacement’ of one atom in the structure by another of
considerably different X-ray scattering power. and analyses the changes
in intensities of X -ray refiections that are produced thereby. Another
method uses 'anomalous dispersion' and observes the change in relative
intensities of X-ray reflections when difierent X-ray wavelengths are used
close to an absorption edge of one of the atoms in the structure: near the
edge the phase and modulus of the scattering factor of the atom concerned
will depend upon the wavelength. It wili be noted that both the ‘isomorphous
replacement’' and the 'anomalous dispersion' methods depend upon the
existence of certair conditions in the crystal chemistry and, in the latter
method, the presence of an atom within a limited range of 2tomic numbers.
Now there does exist a possible method of phase determination quite
independent of the chemical nature of the crystal. This makes use of the
inleractions between Bragg reflections when two reflecticns take place
simultaneously. The relative phases of the two refleciions are determinabie
from the way the interaction takes place. However. this interaction must

be a genuine dynamical interaction between the amplitudes of all the waves
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concerned, and not merely a redistribution of intensities. Various attempts
reported over the years to secure information about relative phases by
studying simultaneous reflection phenomena have clearly failed because
essential conditions for coherence were not achieved. The experimental
conditions for observing geruine ccherent dynamical interactions are
extremely stringent, as was peinted out some years ago (Lang 1957c). The
advent of the topographic techniques described in this Report, with their
precise control of angular and spatial relationships, and the possibility of
relating positions on a topograph to particular angular settings of the
crystal, made feasible 2 successiul experiment to determine directly the
relative phases of X-ray reflactions. The novel X-ray method used was to
observe the perturbation of the Pendell'c;sung interference pertaining to a
given reflection when the angular setting of the crystal came close to
satisfying the Bragg condition for another reflection. This perturbaticn was
marnifested on the topograph by a displacement of the Pendeuzszmg fringes on
either side of an "Aufhellung' line on the topograph which marks the locus

of points which simultaneously satisfy the Bragg conditior: for two reflections
(Lang 1957cj. In crystals of low dislocation density, with reasonably
smooth surfaces, the effect is clear and the interpretation straigh:zforward
An outline of the theory and an account of the experiment has been

published (Hart and Lang 1961, R1). The displacement of Pendellosung
fringes in the vicinity of the occurrence oi simultaneous reflection has been
observed in silicon, germanium, indium antimonide and quartz. These are,
of course, well-known structures. The application cf the method to
urnknown structures would require their crystals to possess velumes
perhaps some hundreds of microns in diameter which diffracted X-rays as
periect crystals do. Obtaining such crystals may ot be insuperably
difficult, in view of the topographic experience indicating the iarge measure
of perfection of fairiy complex organic crystals grown from solution. For
the time being, however, the experiment remains of academic interest;

but its interest is a genuine one, as being the first direct determination of
X-ray reflection phase relationships by a general method applicable in
principle to all crystals, achieved nearly {ifty years after the problem of

phase determination began to vex crystallographers.
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4. DIFFRACTION CONTRAST FROM IMPERFECTIONS IN NEARLY
PERFECT CRYSTALS.

cticn Conirast without Interbranch Scattering.

In section 2. 1. the expression was given, equation (4), for the
variation with crystal thickness of the integrated reflection preduced by a
periect, non-absorbing crystal in the symmetrical Lauve case. TLe
initial linear rise in intensity corresponds to the situation when the
amplitude of the diffracted wave is much less than that of the incident
wave and multiple reflection within the crystal may be ignored as in the
calculation of intensity from an ideally mosaic crysizl. Thus, uptoa
certain thickness, the ideally perfect and the ideally mosaic crystal
cannot be distinguished on the basis of a difference in integrated refleciion.
Gross misorientations can be detected by their effect on the angular range
of reflection, but lattice defects such as dislocations and stacking fauits
do not give rise to any diffraction contrast until the crystal tnickness is
suificient to make the intensity as given by equation {4} fall significantly
below that given by a prolongation of the initial linear region. The intensity
indicated by the latter prolongation would be that reflected by a thick, non-
absorbing ideally mosaic crystal, in the absence of secondary extinction.
The transition from ‘thin-crystal’ diffraction behaviour to that of the
thicker crystal can often be observed experimentally in very thin, tapering
specimens of a moderately periect crystal. The topograph image is
completely featureless until a thickness of about 1/3 the extinction distance
is reached, fair diffraction contrast from imperfections appears at the first
Pendellosung maximum, and at the first Pendellgsung minimum stronger
diffraction contrast is manifested than at any other thickness, in the non-
absorbing case. The data in Tabies 3.1. A and 3.1.B enable the minimum
specimen thicknesses at which diffraction contrast should be observable to
be estimated, and actual observations confirm these estimates. Exampies
of minimum thicknesses are, 12 microns with silicon, 220 reflection,
using MoKa radiation, and 2 microns with iron, 110 reflection, using
CoKa radiatien. The latter, low value of thickness is of potential interest
since it is within the range of thicknesses accessible for study by trans-

mission electron microscopy, using high voltage electron microscopes

) |
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operating in the 3 to ! MeV range.

In thicker specimens, those whose thickness ranges upwards irom
a few extinction distances, a variety of diffraction countrast phenomena can
appear which are not observed in thin-film transmission microscopy.
They bear witness to the fact that there are complexities in the X-rav
diffraction situation from which the electron microscope experiments are
free. Such complexities are in part responsible for the less developed
state of X-ray diffraction contrast theory compared with that worked out
for electrons (the latter theories are reviewed by Hirsch et al. 1965).
There are, however, compensating simplifications, some oi them very
valuable, which attend the X-ray experiments. Notable among thes< 1s
the ease with which it can be arranged that a single desired Bragg refl¢ction.

and that oze only, is active in producing the topograph image.

One imgportant difference between the electron and X-ray diffraction
situations is the different ratio cf angular range of illumination {0 angular
range of reflection that applies with these two radiations. The anguilar
range of reflection of 100 kV electrons by a2 perfect crystal is about 10
radians for strong reflections; but the range of illuminration of the speciinen,
as determirnec by the rondenser aperture and focussing adjustment, does
not usually exceed about 10"3 radians. Thus the incident electron beam
acts effectively as a plare incident wave: if the illuminated region of the
specimen is oriented, as a whkole, exactly at the Bragg setting then a
locally distorted part of the illuminated region will no longer be able to
satisfy the Bragg condition fully. On the other hand, in the X-ray case,
with a typical angular range of reflection of only 10" radians, and the
illumination range defired by the incideni-beam collimating system to be
about 1' of arc, i.e. 3X 10.4 radians, the angular range of illumination
is more than adequate to generate the full integrated reilection both from
a perfect matrix and from an incoherently reflecting slightly misoriented
region within it. Experiment and theory (Kato and Lang 1959, Kato 1961}
confirm that this is so, and show, moreover, that the divergent inciden:
beam: excites coherently all the diffracted waves within the perfect crystal's

angular range of Br._gg reflection, and thus acts as a2 coherent spherical
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inicident wave.

Another impartant difference bziween the electron and X -ray cases
arises from the combined effect of the: great difference in specimen
thicknesses used (typically lmm wita X-rays and 1004mm with electrons)
and the difference in Bragg angles {typically about 16° in the X-ray case
and about 1° in the electron case). Thus in the electron case all incident
and diffracted rays produced by an incident ray impinging at a given point
cn the specimen surface are contained within a column parallel to the
Bragg planes about 20 A in diameter, a dimension comparable with the
resolution limit of the electron microscope; whereas in the X-ray case.
with the figures quoted above, the separation at the exit surface of incident
and giffracted rays that have originated at a given point on the entrance
surface may be several tznths of a millimeter, a thousand times the X-ray
topographic resolution limit. Thus diffraction calculations designed to
find the resultant wave disturbance at a given point on the exit surface,
which in the electron case can be carried ocut one-dimensionally within a
columr such as that just described, must in the X-ray case be expanded
into two-dimensions to cover the triangular area enclosed between the

directiors of incident and diffracted rays.

The manner of distribution of energy-flow of X-rays within the
triangle contained between the incident and diffracted ray dirsctions assumes
great importance in all investigations of X-ray diffraciion contras:. The
distribution in the case of an undistorted, perfect crystai has beexn
calculated by Kato {1960); its essential feature is that rays comgprising 2
given paitv of incident and diffracted waves propagate normai to the tangent
plane at the point on the dispersion surface that defines the wave vectors of
the pair of waves. Exactly at the Bragg angle, rays belonging to both the
branches into which the dispersion surface is spli. propagate parallel 1o
the Bragg planes since both branches intersect the Brillouin zone boundary
normally. Some way off the peak of the curve of Bragg-reflecied intensity
versus angle of incidence of 2 plane wave on the <. stal, the wave vectors
corresponding to the waves excited in the crys:al end on the dispersion

surface some distance away from the Brillouin zone bourdary. 1t then
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follows from the shape of the dispersion suriace that the ray from one
branch will propagate nearly in the direct beam direction and from the
other nearly in the diffracted beam direction. Thus, when the whole
anguiar range of reflecticn is excited by the divergent incident beam, the
whole energy-flow triangle is filled with a fan of rays. The dynamical
diffraction theory for the pe:fect crystal shows how the ratio of amplitudes
of direct and diffracted waves on a given branch of the dispersion surface
depends upon the distance from the Brillouin zone boundary of the wave-
vector-defining point on the dispersion surface {briefly. the wave-point).
It also shows how the distribution of energy between the two branches of
the cdispersion surface is determined by matching the wave disturbances
on either side of the X-ray incidence surface. (A re-matching must be
made, it should be noted, at any surface where phase relations between

direct and diffracted waves are abruptly changed).

Now if the crystal has zero X-ray absorption, rays associaied with

M

all wave-points will propagate without 2ttenuation. Whern z2bsorptien
is present, it is found that attenuation is a function of position of ike wave-
point on the dispersion suarface. In the case wkern the conceniraiions of
absorbing power and of scattering power 1n the unit ceil zre generaily
coincident {which Laprens %o be sc in all simple structuresj it is found that
rays ascsociated with the branch oi the dispersion suriate corresponding

a phase velocity Closer to the value in vacuo suffer iess than the norma

absorption. whereas thosc associated with the other branch are more

strongly absorbed than normally. The difierence in absorpiion beiwesn ravys

Mc
a

belonging tc the two branches is a maximarm for wave-poinis on the Rrillon
zone boundary. IHence, aiter some passage through the crystai, rays
belonging to one branch oniy (tha: commonly called branch 1} wili survive,
the rays belonging to the other branch {branch 2} being cuompietely abscrbed.
Moreover, with strong absorption, it is only branch 1 rays travelling

closely parailel to the Bragg plares, which are of all rays thuse which

suffer minimum absorption, which survive. This selective, and anomalously

high, transmission of oae narrow buzndle of rays ocut of the whole fan of rays

w
I

-

which start out within the energy flow iriangle descrites, in essence. ihe

Borrmann effect. In specimens which have pt greater thasn unizy the
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Berrman effect has an important infleence on the charactes of topogranh
images: that it shouid change the intensity profile across section tope
{ollows from the narrowing of the enpergy-flow fan with conszguent peaking
of intensity in the center of the section topograph {Kato 19£¢0). The
influence of the Borrmann efiect on the images of imperfections will be

described below and i1n Section 4. 2.

o

In a periect crystal, when once the energy of the spherical

incident wave bz
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by matching cistursances inside and duzzidi the crystal at the

entrznce surfzce. the rays propagufe Indeperdently ihrough the crysial

19635, 1964}, Pemnning and Polder showed thai the rays are bent
the change in wave vecior accompanying the beading being in the direci:on
of the spatiai gradiznt of the componen: of cistorticns thai changes the

local degreec of satisfzction of the Bragg condition. The situziion is

anzlogous to the bending of 2 ray of light in 2 medium o
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reiractive index, and the phencmenon in the X-ray case is ofien referred io
as ‘energy-flow refraction’. As iong as the distortion is siight, a narrow

ray bundie bends without spreading. It

»
o
1
It
"

gv. which mazay be regardecd as
associated with its corresponding 2lement {i. e. wave-point) or the
dispersion suriace, is conserved (apart, of course, irom losses due 0
absorption). As the ray bends, its wave-point migrates along the branch

ci the dispersion suriace io which it belecngs, and this resulis in 2
redisirizuiion 6 energy orn this branch ba: no interchange of energy between
re oiher branch. The changes in energy-{low patlern which ar:se
sclely from this ‘adiabatic’ wave-point migratios give rise to the diifraction
contrasi thal occurs without 'interbranch scattering’. if oa the other hand.

-

eciing satisiaction of the Bragg condition is severe, or an

"

the disiortion ai

interiace such as 2 stacking faclt is encountered, there takes place 2
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redistribution of en2rgy between the two branches of the dispe<sion
surface. This is the type of redistribulion termed ‘inferbranch scztisring'.
Three types of diffraction contrast phencinesnon invoeiving 2nly adiabatic
wave-point migration wili pow be briefly described. They appear under

ccndations of low, wnoderate and high ‘)sorp:ion, respectively.

reflectior is produced except that reselting {rom the change in order of the

interiere 2! the specimen X-ray exit surface conseguent upen the change
in wave vector that accompanies the wave-point migration aleng the
irajectory. Consequently, the observed modifications of integratec
intensity are limited to the range between maximaz znd minima of intensiy

in the vicinity of the mean crder of Pendellosung interference, as given by

equation (4}, Section 3.1. The effect of crystal distortion is to incr2a

the order of Pendeilcsung interference in the X-ray case (Kato 1963a, :963b,

1964). This increase is often observed experimentally. The projection
topograph Figure 4 of Authier and Lang {1964, R8) shows it weil. G
section iopographs the dispiacement of Pendellosung fringes by distortions
such as those due to dislocaiions is even more evident, see Figures 2 and 3

of Lang {1%964c, R19).

As s0on &s even a moderate amount of absorption is present, lhe

diiferent attenuaiions of the branck ! and branch 2 waves enlarges the range

of intensity variaudon that a given bending may produce, and, mocst important,

Ll
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makes the change in integrated intensity depeﬁd upon the sense of

cﬁrvature of the Bragg planes. This sense-dependence is most readily
observed by noting local differences in topograph image intensity between
the hk{ and hk& reflections, Such differences,termed 'local failure of
Friedel's Law', were first observed on topographs of silicon and calcite

by Lang in 1958. They formed the subject of an intensive theoretical and
experimental study by Hart (1963) and have also been treated theoretically
by Kato (1963c). A useful application of the 'local failure of Friedel's Law'
is the determination of the sense of Burgers vectors of dislocations, and it
has been employed in several studies (Hart 1963, Lang and Polcarova 1965,
and see Section 2.4..1.). Now the intense positive diffraction contrast
produced by dislocations arises from interbranch scattering in the strongly
distorted crystal surrounding the dislocation. There is. however,
surrounding the region where interbranch scattering occurs,a relatively
large volume of weakly distorted crystal where only wave -point migration
takes place. In the range of specimen absorptions corresponding to ut
values between about 2 and 5, the intensity of the central part of the
dislocatior. image is much reduced, largely because interbranch scattering
feéds energy from the weakly atrenuated branch 1 to the strongly attenuated
branch 2 rays. The outer parts of the image, produced by bent but not
scattered rays, may then predominate in the production of the overall

contrast of the dislocation image, and even a marked reversal in overall

‘contrast between the hké and hk{ images of the dislocation may be observed.

Interpretation is simplest in the case of reflections from the slip-plane of
edge dislocations. When reflection is obtained from the concave side of
the planes, the dominant, strongly transmitted, branch 1 rays, which have
curvature in the same sense as the Bragg planes, are bent round into the

diffracted beam direction, and at the crystal exit surface they split so that

most of their energy travels in the diffracted beam direction, with little in

the direct beam direction. Hence this reflection shows the excess
diffracted intensity. More generally, the rule for fiuiding the sense of the
edge component of the Burgers vector of a dislocation from the difference

between its hk€ and hk¢ images is as follows: in the reflection which shows

extra intensity the extra half-plane lies on the side of the dislocation image




closer ito the direct beam.

Whern the X-ray absorption is quite high, so that only 2 narrow

r

bundie of branch i rays is able to trave! tkrough the crysial. zny bending
of the rays away irom a direction cloge io the Brugg piane w!ll involve some

hus the overzil ceoairas: of & disiocaticn

Lo of W

loss of anomalous transmission.
will be negative: 1t will appear as a light line on 2 darker background. The
redistribulion of energy arriving zi the specimen X-ray exit suriace due to
the bending of the rays passing close to the disiccation may
more fringes on either sige of the light iine marking the center of the

Ciglocaiion Image. The wntensily distribution =(ross the dislecziion image

the energyv-flow pottern is modifisd by the disioriion (Penning znd Poider
1G66:, Kate 13632 b, 1%b4). They car ke applied anly as leng 2s the
cisiortion is so smail thal a narrow ray busdle w:li gropagate through the
crystzi withou! apprecieble spreading. They have boen zpplied 50 far to
zxperimental siissiions whore no interiranch scaliering nocurs.

Drfirzction theories which use the modei of the iameilar crystal

{Kato 19€3c} a2re analogous io the ireatments of dicieried zrysizle developed

for electron micresceopy {Hirsch et 2i 1$635) and havd a common crigin in

X-ray cifiraciion is los: in sach theories. dul therse is no lindt 19 the
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enly of distance normal i5 the lamellae. {A proble g within the
iztter limitation wouid be that of a pure screw disiocal:on normal to the

Bragg plene).

The theory of Takzgi {1962, K3} gives 3 msre complete piciure of

the multiple scattering prcocess thas the lameoilar {heories. and 1s not

resiricted o the type of disteriion it can handie. 1t is. however. resiricted
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in the degree of distortion te which it is applicable Mcereover. with strain

fields such as those of a dislocation in arbitrary orientalion. the quantity

3 -l o [ SRS 1 I ST : s s I3t e . e
of calculatioa thatl would bLe rejuired io biiid up ine topograpn rmage,
involving ene twg=dimensicnal mash o every image Hoial. 15 quile

prodigious. This problern liustrates the greal complications inroived in

complete X-ray diffraction contrast investigations.

4.2. Diifraction Contrast with interbranch Scatiering

L Jd

It is the intense, localised, posiuive difiraction csnirast produced
by diglocations, precipitates, 1aclusions, rning-cracks, etc. that :s izken
advantage of in X -ray tepographic investigations of the distribation of

e

imperfections in nearly perfect crystals., Thzre arse severai ways of

simpicst level. i: is easy to see thai if 2 cerlzin shaTpiy bounded volume

of crystal is miscriented with respect to the periect cr
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amount greatar than the anguiar rznge of refieciicn of the perfect crysial
{typically only zhout 12 ~ radians, or 2" of arc} then such & misoriented
volume will Bragg refiect independenily of the mairix. i1 can make use of

incident radiation coming from areas of the X-ray tube izrget other :han

it are incchercat with those dififracied by the perfect orysizl. Indeed, 2
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sisiing oi 2 series of

zones, each of which zcoepis for Bragg refleciion radialion from a different

typically about thiriy times the angular range of reileciier of the periect
crysizl. there is an evident possibilizy that sivong positive diffraction

conirasi can bz gemeriieG Dy ihe addition of the iniens:tics independeniiy
reflecied by miscoricntaisd zones. No simiar mechanism for producing

strong Dosilive contrasi cperaies in eleciron microscony. for which, as

pointed out in Seciion 4. 1., the illuminaticn is eficctively 2 plare wave. In

the X-ray case difiraciion coniras:i can be reasonabiy expiained by this
simple mechznism whan disioriion is severe. but experimeniai ¢«vidence
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shows thzat in ihe cases of the imperieciions chiefiy o

pendent reflectzon by parfec? mai~ix and by

disieccziions
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locally imperfect zones is oversimplified. The chief evidence against the
simple picture is the presence of the 'extinction shadows' of reduced
diffracted intensity that accompany the excess diffracted intensity of the
localised image of the imperfecticn. Such shadows can be seen associated
with the 'random® dislocations in the projection topograph of a slice of
lithiurn fluoride, Fig. 2 of this Report, following page 33. They are seen,
too, associated with the dislocation images in Fig. 1 of Authier and Lang
(1964, R8). In section topographs, such as Figs. 2 and 3 of Lang (1964c,
R10), they are strongly in evidence. This shadowing shows that the

lattice imperfection has intercepted and diverted some of the waves
participating in the dynamical balance of direct and reflected waves that
occurs in the close vicinity of exact satisfaction of the Bragg condition,

and which gives rise to the rays that propagate within the energy-flow
triangle. This diversion process is describable by 'interbranch scattering’.
Within the triangle of erergy flow, most of the en=rgy (in the low-absorption
case} is flowing in directions close to the incident Deam, and henca is
asscciated with wave-points on the dispersior surface where the normal to
the dispersion surface is ciose to this direction. A transier of such

energy ircm one branch of the dispersion surface to the other branch will
carry 1t to wave-points where the dispersion-surface normal is directed
more towargs ihe difiracted-beam direction. with the production of stronger
rays flowing in the direction of the diffracted beam. Interbranch scaitering

is, oi course, the mechanism: whereby diifraction contrast is produced by

- - - - -t - - l 4
siacking faults, and by twin boundaries su<h as those of Brazil and Dauphine

J

inning in quariz {see Secticn 2.10.i.). With such de‘ects the situation i3
relatively simple because the orieatation of the :aitice .s the same on either
side of the boundary. In the case of éislocztions, on the other hand, the
situation is compiicated by the great distarce over which the energy-ilow

turned, dus to the form of the strain-fields of dislocations. As the

.
(V]
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X.rayy approach the dislocztion, wave-point migration (as described in
Sector 4. 1.} first oczurs. This may produce a substantial redistribution
of energy on 2ach drauca of the dispersion surface prinr s interbranch
scattering. Folligwing ithe icterbranch 3caltering, a further redistribution

of energy by wave-point migraticn 3ccurs 3s the X-rays pass into less
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strongly distorted crystal. A proper quantitative account of this
succession of processes which together contribute to the final distribution
of energy on the X-ray exit surface of the crystal would clearly be

difficult, and has not yet been achieved. However, some predictions can be
made from this model of wave-point migration, interbranch scattering, and
further wave-~-point migration that account qualitatively for some aspects of
dislocation image contrast. such as the asymmeiric bimodal intensity

profile of certain dislocation images (Lang 1965a).

For a given X-ray wavelength and Bragg reflection, interbranch
scattering will occur when a certain critical curvature of the Bragg plane is
exceeded. The integral of Bragg-plane curvature between two points along
the X-ray trajectory gives the mutual tilt of the Bragg planes at these
points. If the Bragg-plane curvature is substantially cenfined within a
distance roughly equal to the extinction distance, and the integral of the
curvature over that distance is such as to produce 2 Bragg-plane tilt greater
than a certain critical vzalue, then it does not appear to matter greatly with
regard to the production of interbranch scattering whether the curvature is
uniformly distributed cr concentrated at a given horizon. In the strain-
fields of dislocations, which give rise to lattice~plane curvatures that
increase rapidly as the dislocation is approached, it appears that it is the
magnmnitude of the tilt away irom the matrix orientation reached at a point
near the dislocation that can be taken as the criterion for commencement of
interbranch scattering and hence for a2 sharp rise of diffracted intensity
above that given by the perfect matrix {assumed o be weakly absorbing).
if the critical tilt is reached a relatively long distance {from the dislocation
core then there will be a reiatively large volume of crystal in which inter-
branch scatiering takes piace, and the integrated excess intensity from the
dislocation will be high. 1If, on the other hand, the critical tilt is not
reached at 2li along the X-ray trajectory, or only at a point so close to
the dislocation core that interoranch scattering can occur withir a volume
of less than, say, a micron in diameter, then the dislocation will be
invisible. The notion that dislocation visibility and dislocation image width
deperd upon local lattice tilt has been applied in numerous studies to

determine the Burgers vector and type (i. e. edge or screw) of dislocations
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in cases when X-ray absorption is low {e.g. Lang 1959b, Jenkinson and
Lang 1962). It appears to account well for the observation that images
of pure edge dislocauions lying in the Bragg plane and normal to the plane
of incidence are about 1-75 times as wide as images of pure screw
dislocations normal to the Bragg plare, with the same value of g . b (g is
the aiffraction vector. bas the dislocation Burgers vector). This is the

ratio expected from calculations of tilts in the dislocation strain fields.

Frank and Lang (1965) have discussed the variation of strength of
X -ray topograph 1mages of dislocations as a2 function of g . b and the
dislocation type and orientation. Experimentzlly it 1s found that overall
visibility (i e. integrated excess intensity) depends approximately
quadratically on the value of g . b, and is zero or very weak if g . b= 10
in the low-absorpiion case. Prediction and experiment agree that pure
screw disiocations are invisible 1n reflections irom all pianes that contain
b; pure edge dislocations are invisible in a single reflection only, that

from the plane normal to the dislocation line, and mixed dislocations never

completely vanish.

Experiment suggests that the critical value of tiit is abeut equal to
the angular width, 2461, at hali maximum intensity of the perfect-crystal

reflection curve. In the symmetrical Laue case, and negligible absorption,

the simple relation applies:

248, = 2d/ §g (1).

3
The extinction disiance ;ﬁ is given by equation (2) and (3a) of Section 3. 1.
s
and d is the interplanar spacing. It is useiul ito bear in mind that for the
perfect crystal the angular widith. 2 AG_,_. is also a measure oi the
integrated reflection The tilt criterion suggestec above is easily applied
to the case of the pure screw dislocation making an angle Y¢ with the

Bragg plare normal. The dislocation image width, W, is then given by

the two alternative expressions

W = bcosY(Z:cAGi)-l (22)
2
and W=g.b (Z:c)-lg (2b).
£ 2 g
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If the dislocation width, W, is measured between the points where the
excess intensity rises sharply above that of the matrix (clearly rather a
subjective measurement) the value of the constant ¢ found appropriate is
0- 8 for dislocations in pure silicon, in the low-absorption case. For such
unavoidably imprecise quantities as W the value of ¢ might as well be
taken as unity, and this is the value used in Table 4. 2. A. This Table
gives valves of W, and somz other relevant quantities, for various types
of disiocation in diamond and in iron. The figures agree well with the

coservations {Frank and Lang 1965, Lang and Polcarova 1965).

Table 4.2.A.

Dislocation image width (W), extinction distance ( ; g} and angular width of

reflection (2 A8,) in the symmetrical Laue case, negligible absorption, for
2

diamond and a-iron.

Crystal Diamond Iron
Reflection 220 110
Radiation Mo Ka Cu Ka Ag Ka Co Ka
$ g (pm) 48 27 13 5.7
2A8; (seconds) 1-1 1.9 6-4 15
Ww. pixre screw, g . b=1,(um) 8 4-3 2-5 1-1
" " " g - b=z, " 16 8-6 - -
W, pure edge, g . b=2, " 27 15 - -
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